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Metalloids like arsenic (As) and antimony (Sb) are naturally present at low concentrations 
but the increased use of these metalloids in the environment has led to environmental 
soil and groundwater contamination issues and understanding their biogeochemical 
cycling is of prime importance to predict potential contamination issues. Despite its 
toxicity, Sb received little analytical attention compared to other toxic heavy metals. 
However, speciation analysis is necessary to understand the toxicity and fate of each 
metalloid species in the environment. The speciation of metalloids is however often 
limited to the differentiation of oxidation states and identification of stable organic 
species by techniques such as ICP and LC-MS. The detection and identification of more 
reactive, relatively weak complexes that can play a preponderant role in the transport of 
these elements are however much less known.  There is a wide range of available 
spectroscopic techniques for total Sb and As determination and speciation in real 
environmental samples. But the equipment often used for such analysis is bulky, 
expensive, and immobile. The necessity for a cheap, portable, smaller, and simpler 
analytical technique that can be used in the field were all the reasons for using 
electrochemical methods. One of the techniques is by using a gold microwire electrode 
that is well suited for the speciation of inorganic arsenic and antimony that has the 
advantage of low cost, portability, and may detect weak complex.  
The main focus of this study is trying to understand where metalloid species are ending 
up and how they are being transported. This thesis investigated the bio-uptake of 
metalloids (inorganic antimony and arsenic) by plants and the development of 
electroanalytical methods for antimony detection and speciation.  
Bio-uptake of metalloids were using a hydroponic experiment of cucumber plant chosen 
as a model plant to assess the impact of As or Sb species, plant age, exposure duration, 
and metalloid concentration to overall plant morphology. A new method of microdialysis 
was developed. Being less destructive and less invasive, it can be a useful tool for xylem 
sap sampling allowing researchers to simulate nutrient/toxic metal uptake, 
translocation, and absorption while taking into consideration the effect of transpiration.  
The other aim of this study is to use voltammetry to study the complexation of such 
elements with e.g. carboxylic acids, preponderant components of xylem sap that might 
strongly affect the translocation of As and Sb. Voltammetric methods were developed 
for (1) complexation studies of Sb(III) with xylem sap samples and determination of 
stability constants of Sb(III) with low molecular weight ligands and cation mediated 
reduction of Sb(V) using monovalent, divalent, and trivalent cations. We have 
demonstrated the feasibility to quantitatively study the complexation of the presence of 
Sb(III) complex with low molecular weight ligands, specifically EDTA, DTPA, TA, and GSH 
using a voltammetric method (pseudopolarography on Au electrode) at ppb levels. The 
technique may also be that will be used to gain insights into the complexation patterns 
of inorganic and organic bound Sb and highlight the formation of weak, fast dissociating 
species as well as inert, stable, complexes. Voltammetry may complement nicely the 




TABLE OF CONTENT 
 
DECLARATION ........................................................................................................................................ II 
DEDICATION .......................................................................................................................................... III 
ACKNOWLEDGEMENTS ......................................................................................................................... IV 
ABSTRACT ............................................................................................................................................. VI 
TABLE OF CONTENT .............................................................................................................................. VII 
ABBREVIATIONS .................................................................................................................................. XVI 
CHAPTER 1 INTRODUCTION ................................................................................................................... 1 
INDEX OF FIGURES ......................................................................................................................................... 2 
INDEX OF TABLES ........................................................................................................................................... 3 
1.1 INTRODUCTION .................................................................................................................................... 4 
1.2 SCOPES AND OBJECTIVES OF THE THESIS .................................................................................................... 6 
1.3 THE ORGANISATION OF THE THESIS .......................................................................................................... 7 
1.4 GENERAL ASPECTS ................................................................................................................................ 9 
1.4.1 ANTIMONY-GENERAL ....................................................................................................................... 9 
1.4.2 ARSENIC - GENERAL ....................................................................................................................... 10 
1.5 SB AND AS IN THE ENVIRONMENT .......................................................................................................... 13 
1.5.1 ANTIMONY IN THE ENVIRONMENT .................................................................................................... 16 
1.5.2 ARSENIC IN THE ENVIRONMENT ........................................................................................................ 18 
1.6 SB AND AS UPTAKE IN PLANTS .............................................................................................................. 21 
1.6.1 ANTIMONY IN PLANTS .................................................................................................................... 21 
1.6.2 ARSENIC IN PLANTS ........................................................................................................................ 22 




1.7.1 XYLEM SAP COLLECTION METHODS .................................................................................................... 29 
1.7.1.1 DESTRUCTIVE TECHNIQUES ......................................................................................................... 30 
1.7.1.1.1 ROOT EXUDATE METHOD ........................................................................................................... 30 
1.7.1.1.2 CENTRIFUGATION ..................................................................................................................... 30 
1.7.1.1.3 SAMPLING FROM OTHER PLANT PARTS .......................................................................................... 31 
1.7.1.1.3.1 SAMPLING FROM OTHER PLANT PARTS ..................................................................................... 31 
1.7.1.1.3.2 PRESSURE CHAMBER ............................................................................................................ 31 
1.7.1.1.3.3 THE PASSIOURA METHOD ...................................................................................................... 31 
1.7.1.2 NON-DESTRUCTIVE TECHNIQUES ................................................................................................. 32 
1.7.1.2.1 INSECTS FEEDING ON XYLEM ....................................................................................................... 32 
1.7.1.2.2 THE XYLEM PRESSURE PROBE ...................................................................................................... 32 
1.7.2 ANALYTICAL TECHNIQUES ................................................................................................................ 33 
1.7.2.1 ANALYTICAL TECHNIQUES FOR SB DETERMINATION .......................................................................... 33 
1.7.2.2 ANALYTICAL TECHNIQUES FOR AS DETERMINATION.......................................................................... 35 
1.7.2.3 ELECTROANALYTICAL SPECIATION FOR SB AND AS ........................................................................... 36 
1.7.2.3.1 MERCURY ELECTRODES ............................................................................................................. 37 
1.7.2.3.2 CARBON ELECTRODES ................................................................................................................ 38 
1.7.2.3.3 GOLD ELECTRODES ................................................................................................................... 38 
1.8 REFERENCES ..................................................................................................................................... 40 
CHAPTER 2 ............................................................................................................................................ 72 
ARSENIC AND ANTIMONY SPECIES IMPACT ON CUCUMBERS – HYDROPONIC EXPERIMENT ..................... 72 
INDEX OF FIGURES ....................................................................................................................................... 73 
INDEX OF TABLES ......................................................................................................................................... 76 
2.1 INTRODUCTION .................................................................................................................................. 77 
2.2 AIMS AND OBJECTIVES ........................................................................................................................ 81 




2.3.1 CHEMICALS .................................................................................................................................. 82 
2.3.2 MODIFIED HOAGLAND'S NUTRIENT SOLUTION ..................................................................................... 83 
2.3.3 PLANT GROWTH ............................................................................................................................ 84 
2.3.3.1 SEED GERMINATION .................................................................................................................. 84 
2.3.3.2 SEED DISINFECTION METHOD ..................................................................................................... 85 
2.3.4 HYDROPONIC EXPERIMENTS ............................................................................................................ 85 
2.3.5 TREATMENTS ................................................................................................................................ 86 
2.3.5.1 PLANT SET A ............................................................................................................................ 86 
2.3.5.2 PLANT SET B ............................................................................................................................ 87 
2.3.6 PLANT SAMPLING AND STORAGE ....................................................................................................... 89 
2.3.6.1 PLANT SAMPLING ..................................................................................................................... 89 
2.3.6.2 XYLEM SAP SAMPLING – STEM EXUDATION .................................................................................... 89 
2.3.7 MEASUREMENT OF PLANT GROWTH PARAMETERS ............................................................................... 90 
2.3.7.1 PLANT HEIGHT ......................................................................................................................... 90 
2.3.7.2 LEAF AREA (DIGITAL IMAGE ANALYSIS METHOD) ............................................................................ 90 
2.3.7.3 NUMBER OF LEAVES AND FLOWERS .............................................................................................. 91 
2.3.7.4 BIOMASS AND ROOT MASS ......................................................................................................... 91 
2.3.7.5 FOLIAR CHLOROPHYLL CONTENT.................................................................................................. 92 
2.3.8 TOTAL METAL ANALYSIS OF THE PLANT ............................................................................................... 92 
2.3.9 QUANTIFICATION OF METALS IN THE SAP, NUTRIENT SOLUTION, AND PLANT PARTS ..................................... 93 
2.3.10 STATISTICAL ANALYSIS ............................................................................................................... 94 
2.4 RESULTS ........................................................................................................................................... 96 
2.4.1 PLANT GROWTH MEASUREMENTS .................................................................................................... 96 
2.4.1.1 LEAF AREA .............................................................................................................................. 96 
2.4.1.2 PLANT HEIGHT ......................................................................................................................... 97 
2.4.1.3 NUMBER OF LEAVES.................................................................................................................. 98 




2.4.1.5 FOLIAR CHLOROPHYLL ............................................................................................................. 100 
2.4.1.6 BIOMASS .............................................................................................................................. 101 
2.4.2 TOTAL SB AND AS IN CUCUMBER PLANTS ......................................................................................... 103 
2.4.3 PEARSON CORRELATION AND PRINCIPAL COMPONENT ANALYSIS (PCA) .................................................. 109 
2.5 DISCUSSIONS AND CONCLUSIONS ........................................................................................................ 112 
2.6 REFERENCES ................................................................................................................................... 119 
CHAPTER 3 ARSENIC AND ANTIMONY SPECIATION STUDY USING MICRODIALYSIS TECHNIQUE AND ICP-
MS ......................................................................................................................................................151 
INDEX OF FIGURES ..................................................................................................................................... 152 
INDEX OF TABLES ....................................................................................................................................... 154 
3.1 INTRODUCTION ................................................................................................................................ 155 
3.2 AIMS AND OBJECTIVES ...................................................................................................................... 158 
3.4 MATERIALS AND METHODS ............................................................................................................... 160 
3.4.1 Chemicals........................................................................................................................... 160 
3.4.2 Modified Hoagland’s nutrient Solution ............................................................................. 160 
3.4.3 Plant growth ...................................................................................................................... 160 
3.4.3.1 Seed germination and transplantation ......................................................................... 160 
3.4.3.2 Treatment ..................................................................................................................... 162 
3.4.4 Hydroponic experiments .................................................................................................... 162 
3.4.4.1 Plant set-up ................................................................................................................... 162 
3.4.4.2 Amendment with As and Sb .......................................................................................... 163 
3.4.5 Plant Sampling and plant growth parameters .................................................................. 163 
3.4.5.1 Biomass ......................................................................................................................... 164 
3.4.5.2 Plant Height .................................................................................................................. 164 
3.4.5.3 Number of Leaves ......................................................................................................... 164 
3.4.6 Xylem sap sampling ........................................................................................................... 164 




3.4.6.2 Microdialysis technique ................................................................................................ 165 
3.4.6.2.1 Automatic syringe pump ............................................................................................... 165 
3.4.6.2.2 Syringe pump calibration .............................................................................................. 167 
3.4.7 High-pressure bomb acid digestion ................................................................................... 168 
3.4.8 Quantification of metals in the sap and plant parts .......................................................... 169 
3.4.9 Statistical Analyses ............................................................................................................ 169 
3.5 RESULTS ......................................................................................................................................... 171 
3.5.1 MICRODIALYSIS PUMP CALIBRATION AND RECOVERY .......................................................................... 171 
3.5.2 QUALITY CONTROL ...................................................................................................................... 171 
3.5.3 PLANT GROWTH ANALYSIS ............................................................................................................ 173 
3.5.3.1 NUMBER OF LEAVES................................................................................................................ 174 
3.5.3.2 PLANT HEIGHT ....................................................................................................................... 175 
3.5.3.3 BIOMASS .............................................................................................................................. 176 
3.5.4 SB AND AS UPTAKE AND TRANSLOCATION ......................................................................................... 178 
3.5.5 SB AND AS UPTAKE IN XYLEM SAP- MICRODIALYSIS ............................................................................ 181 
3.6 DISCUSSIONS AND CONCLUSIONS ........................................................................................................ 190 
3.7 REFERENCES ................................................................................................................................... 193 
CHAPTER 4 ..........................................................................................................................................225 
ARSENIC AND OTHER HEAVYMETALS ANALYSIS IN RICE BY ICP-MS .....................................................225 
INDEX OF FIGURES ..................................................................................................................................... 226 
INDEX OF TABLES ....................................................................................................................................... 227 
4.1 INTRODUCTION ................................................................................................................................ 228 
4.2 AIMS AND OBJECTIVES ...................................................................................................................... 233 
4.3 MATERIALS AND METHODS ............................................................................................................... 234 
4.3.1 CHEMICALS ................................................................................................................................ 234 




4.3.3 RICE SAMPLE COLLECTION ............................................................................................................. 236 
4.3.4 HIGH-PRESSURE BOMB ACID DIGESTION ........................................................................................... 237 
4.3.5 ICP-MS .................................................................................................................................... 238 
4.3.6 QUALITY CONTROL AND ASSURANCE................................................................................................ 238 
4.3.7 STATISTICAL ANALYSIS .................................................................................................................. 239 
4.4 RESULTS ......................................................................................................................................... 240 
4.4.1 CALIBRATION .............................................................................................................................. 240 
4.4.2 SOIL PROPERTIES ......................................................................................................................... 241 
4.4.3 HEAVY METAL ANALYSIS IN RICE ..................................................................................................... 242 
4.4.4 CORRELATION OF METAL CONTENT IN RICE ....................................................................................... 246 
4.4.5 HEAVY METAL CONTENTS IN SOILS .................................................................................................. 248 
4.5 DISCUSSIONS AND CONCLUSION ......................................................................................................... 250 
4.6 REFERENCES ................................................................................................................................... 254 
CHAPTER 5 ..........................................................................................................................................286 
DETERMINATION OF STABILITY CONSTANTS OF SB SPECIES WITH MODEL LIGANDS ...........................286 
INDEX OF FIGURES ..................................................................................................................................... 287 
INDEX OF TABLES ....................................................................................................................................... 291 
5.1 INTRODUCTION ................................................................................................................................ 292 
5.2 AIMS AND OBJECTIVES ...................................................................................................................... 297 
5.3 MATERIALS AND METHODS ............................................................................................................... 298 
5.3.1 REAGENTS AND INSTRUMENTATION ................................................................................................ 298 
5.3.2 AU MICROWIRE FABRICATION ........................................................................................................ 299 
5.3.3 PRE-TREATMENT ......................................................................................................................... 300 
5.3.4 VOLTAMMETRIC PARAMETERS USED FOR THE PP EXPERIMENTS ............................................................ 300 
5.3.5 PSEUDOPOLAROGRAPHIC METHOD (PP) .......................................................................................... 303 




5.4 RESULTS ......................................................................................................................................... 306 
5.4.1 PSEUDOPOLAROGRAPHY OF SB(OH)3 ON A GOLD ELECTRODE IN NON-COMPLEXING MEDIA ....................... 306 
5.4.2 CALIBRATION AND ELECTRODE STABILITY .......................................................................................... 306 
5.4.3 PSEUDOPOLAROGRAMS (PP) OF SB(OH)3 AT PH 3. ........................................................................... 309 
5.4.4 VARYING DEPOSITION TIME ........................................................................................................... 311 
5.4.5 STABILITY CONSTANT DETERMINATION ............................................................................................. 313 
5.4.5.1 SB(III)- EDTA SYSTEM ............................................................................................................ 313 
5.4.5.1.1 VISUAL MINTEQ MODELLING .................................................................................................... 313 
5.4.5.1.2 VOLTAMMETRY (EXPERIMENTAL) .............................................................................................. 314 
5.4.5.2 SB(III)- DTPA SYSTEM ............................................................................................................ 317 
5.4.5.2.1 VISUAL MINTEQ MODELLING .................................................................................................... 317 
5.4.5.2.2 VOLTAMMETRY (EXPERIMENTAL) .............................................................................................. 317 
5.4.5.3 SB(III)- TARTARIC ACID (TA) SYSTEM ......................................................................................... 320 
5.4.5.3.1 VISUAL MINTEQ MODELLING .................................................................................................... 320 
5.4.5.3.2 VOLTAMMETRY (EXPERIMENTAL) .............................................................................................. 321 
5.4.5.4 SB(III)- GLUTATHIONE (GSH) SYSTEM ........................................................................................ 323 
5.4.5.4.1 VISUAL MINTEQ MODELLING .................................................................................................... 323 
5.4.5.4.2 VOLTAMMETRY (EXPERIMENTAL) .............................................................................................. 323 
5.4.6 COMPLEXATION OF SB(III) IN XYLEM SAP ......................................................................................... 325 
5.5 DISCUSSIONS AND CONCLUSION ......................................................................................................... 330 
5.6 REFERENCES ................................................................................................................................... 334 
CHAPTER 6 ..........................................................................................................................................366 
CATION MEDIATED REDUCTION OF ANTIMONATE SB(V) IN MILDLY ACIDIC AND NEUTRAL PH ...........366 
INDEX OF FIGURES ..................................................................................................................................... 367 
INDEX OF TABLES ....................................................................................................................................... 369 




6.2 AIMS AND OBJECTIVES ...................................................................................................................... 374 
6.3 MATERIALS AND METHODS ............................................................................................................... 375 
6.3.1 REAGENTS AND MATERIALS ........................................................................................................... 375 
6.3.2 INSTRUMENTATION ..................................................................................................................... 375 
6.3.2.1 DETERMINATION OF SB(V) USING DPASV (DIFFERENTIAL PULSE ANODIC STRIPPING VOLTAMMETRY) ... 376 
6.3.2.2 ELECTRODE FABRICATION ......................................................................................................... 377 
6.3.2.3 GOLD MICROWIRE ELECTRODE SURFACE AREA MEASUREMENT ......................................................... 377 
6.3.2.4 ANALYTICAL CAPABILITY OF THE CATION MEDIATED REDUCTION PROCESS FOR DETERMINATION OF SB(V) IN 
MINERAL WATER. ....................................................................................................................................... 378 
6.4 RESULTS ......................................................................................................................................... 379 
6.4.1 INFLUENCE OF CATIONS ON THE REDUCTION OF SB(V) IN 10 MM HCL .................................................. 379 
6.4.1.1 EFFECT OF NA, K, MG AND CA IONS .......................................................................................... 379 
6.4.1.2 EFFECT OF CONCENTRATIONS OF CATIONS ON PSEUDOPOLAROGRAMS ............................................... 382 
6.4.1.3 COMPARISON OF PSEUDOPOLAROGRAMS (PP) ............................................................................. 385 
6.4.1.4 INFLUENCE OF CU TO SB(V) ...................................................................................................... 387 
6.4.2 INFLUENCE OF CATIONS ON THE REDUCTION OF SB(V) IN 100 MM HCL ................................................ 389 
6.4.3 INFLUENCE OF CATIONS ON THE REDUCTION OF SB(V) AT NEUTRAL AND ALKALINE PH ............................... 390 
6.4.4 ANALYTICAL CAPABILITY OF THE CATION MEDIATED REDUCTION PROCESS FOR DETERMINATION OF SB(V) IN 
MINERAL WATER. ....................................................................................................................................... 391 
6.5 DISCUSSION AND CONCLUSION ........................................................................................................... 394 
6.6 REFERENCES ................................................................................................................................... 401 
7  .................................................................................................................................................... 433 
CHAPTER 7 ..........................................................................................................................................433 
CONCLUSIONS AND OUTLOOK ............................................................................................................433 





8.1 VISUAL MINTEQ PROCEDURE .............................................................................................................. 439 
8.1.1 MODIFICATIONS ......................................................................................................................... 439 
8.1.2 VISUAL MINTEQ PROCEDURE ........................................................................................................ 440 
8.2 RESEARCH PLAN .............................................................................................................................. 445 























AAS Atomic Absorption Spectroscopy 
AFS 
ASV 
Atomic Fluorescence Spectroscopy 
Anodic Stripping voltammetry 
Cond. Conditioning 
CE  Counter electrode  









Electrospray ionization mass spectrometry  
Deposition potential 
GC  Gas chromatography  
GF-AAS           Graphite Furnace Atomic Absorption Spectroscopy 
HPLC  High-performance liquid chromatography  
HPLC-FAAS HPLC-Flame AAS 
ICP-MS  Inductively coupled plasma mass spectrometry  
IP  Ionization potential  
LS  Linear scan  
MS  Mass spectrometry  
PCA  Principal component analysis  
RE  Reference electrode  
RF  Radiofrequency  
RP  Reversed-phase  
SWASV  Square wave anodic stripping voltammetry  
SWCSV  Square wave cathodic stripping voltammetry  

























Experimental symbols  
 
mM  millimolar  
μM micromolar  
nM  nanomolar  
pM  picomolar  
ppb  part per billion  














Index of Figures  
Figure 1. 1. Eh-pH Diagram Showing Dominant Aqueous Species of Antimony [Diagram 
was calculated at 25 ºC (adapted from Krupka and Serne, 2002). .................................. 10 
Figure 1. 2. Eh-pH diagram  (Lombi and Holm, 2010) (A) and pKa values and dissociation 
of As(V) (B, C) (Mohan and Pittman, 2007) for As ........................................................... 13 
Figure 1. 3. pH dependent dissociation balance among hydroxylated metalloid acids 
(adapted from Pommerrenig et al., 2015). ...................................................................... 16 
Figure 1. 4. Source of pollution, environmental processes, and ecological effects (adapted 
from He et al., (2019)). ..................................................................................................... 18 
Figure 1. 5 Arsenic speciation in the environment (adapted from O'Day, 2006) ............ 19 
Figure 1. 6. Current understandings (texts in the green box) and gaps (texts in the yellow 
box) in Sb bio-uptake in plants (adapted from Feng et al., 2013) ................................... 22 
Figure 1. 7. Timeline of some significant proceedings in the toxicology and contamination 
of arsenic as well as mitigation of arsenic toxicity/accumulation in plants (Adapted from 
Shri et al., 2019). .............................................................................................................. 25 
Figure 1. 8. Overview of As uptake, transport, and detoxification in plants (Adapted from 
Shri et al., 2019). .............................................................................................................. 26 
Figure 1. 9. Hierarchy of elemental nutritional requirements for plant life (adapted from 
http://microfarmgardens.com/blog/2014/1/1/macronutrients-and-micronutrients-for-












Index of Tables 
 
Table 1. 1.Equations and pKa values for inorganic As and Sb species (Wilson et al., 2010); 
Smith et al., 1998; Zakaznova-Lakovleva and Seward, 2000; Puigdomenech, 2002) ...... 12 
Table 1. 2. Redox reactions in natural systems (adapted from Wilson et al., 2010) ....... 14 
Table 1. 3. Published values of Sb concentrations in the environment (adapted from 







Metalloids are introduced into the environment as micropollutants anthropogenically 
from widespread use in different industries, domestic and agriculture. Over the years, 
trace metalloid pollution has become an environmental problem of concern due to its 
ecotoxic properties. However, speciation analysis is necessary to understand each 
metalloid species' toxicity and fate in the environment. Despite its toxicity, antimony (Sb) 
received little analytical attention compared to other toxic heavy metals. There is limited 
knowledge in the complexation of Sb with ligands, either for Sb(III) and Sb(V).  
Even though a wide range of spectroscopic techniques have been developed to speciate 
Sb and arsenic (As) species, the equipment used for such analyses is bulky, expensive, 
and immobile. The necessity for a cheap, portable, smaller, and more straightforward 
analytical technique used in the field was all the reasons for using electrochemical 
methods.  
A gold microwire electrode that is well suited for inorganic arsenic and antimony 
speciation has the advantage of low cost, portability, and may detect weak complexes. 
The technique may also be used to gain insights into the complexation patterns of 
inorganic and organic bound Sb and highlight the formation of weak, fast dissociating 
species and inert, stable complexes. Voltammetry may complement chromatographic 
and hyphenated techniques. It is surprising that even stability constants of Sb with 
tartaric acid, which has been used for hundreds of years, are not known. This is because 
analytical methods for measurements in natural conditions of pH are limited in terms of 




especially when it comes to the formation of relatively weak organic complexes that 
cannot be analysed through standard chromatographic techniques. Furthermore, it is 
because of the low solubility of Sb, its strong hydrolysis (Sb(III) is present as Sb(OH)3 and 
Sb(V) as Sb(OH)6-) and the fact that previous measurements were carried out in strongly 



















1.2 Scopes and objectives of the thesis 
This thesis is focusing on the metalloids arsenic and antimony and contributes to 
improving our understanding of the uptake, effect on plant growth, and translocation 
mechanisms in the plant, as well as expanding the analytical methodology for the 
determination of these elements. This was achieved by: 
• Investigation of the impacts of metalloids like Sb and As in a hydroponic experiment 
on cucumber plants (Cucumis Sativa L.) (Chapter 2),  
• Investigation on the xylem sap of the cucumber plants under the impacts of 
metalloids like Sb and As in a hydroponic experiment (Chapter 3),  
• Plant physiological studies of the effect of duration (short- and long-term 
amendment), concentration, plant age, and species in plants (chapter 2 and 3), 
• Devising a new in-vivo less destructive method of collecting plant xylem sap was 
proposed and examined- microdialysis (chapter 3), In addition, 
• Assessment of the metal(loid) in selected Asian brown rice (chapter 4).  
• The use of stripping voltammetry for the determination of stability constants of 
antimonite with model ligands such as EDTA, DTPA, tartaric acid, and glutathione 
(Ch 5), and  
• Development of a new electrochemical method for the determination of 




1.3 The organisation of the thesis 
This thesis is intentionally written as chapters for publication. Every chapter has its 
introduction part of keeping the right balance in each chapter. Chapter 1 Introduction. 
This chapter will focus on the knowledge of the behaviour of the Sb and As and other 
metalloids in the environment but more focused on the environment and plants. This 
chapter will also provide insights on the available analytical techniques for Sb and As 
species and information on speciation studies. 
Chapter 2 Antimony and arsenic species impact on cucumbers – a hydroponic 
experiment. This chapter will focus on the As and Sb species translocation on cucumber 
plants grown hydroponically. Xylem saps were collected via the root exudation method. 
ICP-MS analysis of the xylem saps and plant parts (roots, stems, and leaves) was used to 
give insights on the translocation of the different metalloid species on cucumber plants. 
The physiological effects of the amendments were also be studied in this chapter 
Chapter 3 A novel method for the determination of antimony and arsenic in cucumber 
plants (Cucumis Sativa L.) using in-vivo microdialysis method (MD). This chapter will 
focus on the Sb and As translocation on cucumber plants grown hydroponically. ICP-MS 
techniques on the xylem sap using an in-vivo sampling technique called microdialysis. 
Different plant parts (i.e., roots, stems, and leaves) will give us insights into the effect of 
metalloid concentrations and plant age on the translocation of the different metalloids 
on cucumber plants.  
Chapter 4 is about assessing antimony, arsenic, and other heavy metal analysis in rice 




collected from IRRI (International Rice Research Institute) from three different groups: 
long-term cropping experiments (control), Asian rice varieties, and rice that were grown 
in contaminated mining sites in the Philippines will be subjected to ICP-MS analysis. This 
chapter will give some insights into the heavy metal contents of some Asian brown rice 
varieties available in the market, the effect of long-term cropping, and mining. 
Chapter 5 Determination of stability constants of antimonite with model ligands. This 
chapter will introduce a voltammetric method for the speciation of Sb(III) species in the 
presence of model ligands. It is based on the anodic stripping techniques on reducing 
Sb(III) using vibrated gold with the presence of model ligands at various pH. Most of the 
experiments have been done only for Sb(III). This chapter will also provide stability 
constants obtained experimentally from the voltammetric method developed using 
pseudopolarography (PP). Stability constants obtained experimentally will be compared 
with the prediction calculations obtained from chemical equilibrium software. 
Chapter 6 Cation mediated reduction of antimonate in neutral pH. This chapter will 
introduce a new voltammetric method for the detection of antimony at neutral pH. It is 
based on the effect of metal ions that catalyse Sb(V) reduction at neutral pH conditions. 
Chapter 7 Conclusions and outlook. This chapter will give the overall idea of the study, 





1.4 General aspects 
1.4.1 Antimony-General  
Antimony (Sb) is a brittle, silvery-white metalloid with atomic number 51 and belongs to 
group 15 of the periodic table. It has a chemical symbol Sb from the Latin word Stibium 
with a molecular mass of 121.76 g/mol. It occurs in nature in two isotopes, 121 Sb 
(57.21%) and 123 Sb (42.79%). The common oxidation numbers for Sb are -3, 0, +3, and 
+5 (the last two being the most relevant in aqueous solution chemistry). It can form 
complexes with both hard and soft Lewis bases because of its borderline hardness 
characteristic as a Lewis acid. Sb(V) has a charge density of more than double that of 
Sb(III) (and higher than the charge density of, for instance, Al(III)) and thus reacts as a hard 
Lewis acid. Sb(V) exists in an aqueous solution as antimonate Sb(OH)6-, except under 
highly acidic conditions. Sb(III) is typically found as antimonite Sb(OH)3 within the pH 
range from 2 to 11.5 (Figure 1.1).  
Sb has been used since ancient times, mainly in cosmetics. Nowadays, it is mostly used 
in flame retardants as antimony trioxide in many products (e.g., children's clothing, toys, 
car seat covers, and aircraft). It is also used as an additive of lead and tin to improve 
hardness and mechanical strength or used in lead-acid batteries to improve the charging 
characteristics. Sb was used as a perpetual pill or as a laxative in the form of a small Sb 






Another essential use of Sb is as a catalyst in the syntheses of polyethylene terephthalate 
(PET) plastics which may impose a serious threat to human health. Not only in bottled 
water, but plastic bottles are also used in juices, coffee, and milk products, which can be 
contaminated with Sb. Increasing concern about human exposure to Sb through Sb 
leaching is absorbed from the plastic bottle for the past years (Krachler and Emons, 2001; 
Bach et al., 2012). 
1.4.2 Arsenic - General 
Arsenic (As) is a non-essential and carcinogenic element, well known for its acute 
poisoning effect after acute and chronic exposure (Aposhian and Aposhian, 2006). 
Arsenic can be released into the environment naturally and anthropogenically by 
volcanic eruptions and by-products of mining, respectively, to name a few (Welch and 
Stollenwerk, 2003). Arsenic acid (H3AsO4) is the most abundant species in soil but not in 
Figure 1. 1. Eh-pH Diagram Showing Dominant Aqueous Species of Antimony [Diagram was calculated 




soil with pH < 2. The concentration of dihydrogen arsenate (H2AsO4-1) gradually increases 
when soil pH increases at around 3 to 6. Both H2AsO4-1 and hydrogen arsenate (HAsO4-2) 
species are present at pH 7-8. The most abundant species is HAsO4-2, around pH 8 to 11 
(Sadiq, 1992). 
Arsenic does not have many uses by itself but is used in compounds such as wood 
preservatives, insecticide, semi-conductor, and ammunition production. As exists in four 
oxidation states: -3, 0, +3 and +5. The various chemical forms and mineral forms are 
shown in Table 1.4. In soil solution, the inorganic forms arsenite As(III) and arsenate As(V) 
are the most phytoavailable (Raab et al., 2005). In terms of toxicity, the inorganic forms 
are the most toxic than the organic counterpart, whereas the trivalent is the most toxic 
than the pentavalent form (Zhang and Selim, 2005; Wu and Sun, 2016).  
In countries such as Bangladesh, India, Pakistan, and the USA are experiencing As 
contaminated groundwater; that can enter drinking water and the food chain through 
the soil and during crop irrigation (Finnegan and Chen 2012). World Health Organization 
(WHO) set the permissible limit of As in drinking water of 10 ug L-1 (parts per billion, ppb) 
and listed As as one of the top ten chemicals of primary public concern together with 
lead (Pb), mercury (Hg), and benzene (C6H6) (Bellido-Martín et al., 2009). Throughout the 
last 20 years, the extensive nature of acute and chronic human exposure to arsenic in 
drinking water has become evident in many countries (Finnegan and Chen, 2012). The 
potential adverse effect is very high such as dermal changes, respiratory, pulmonary, 
cardiovascular, gastrointestinal, hematological, reproductive, to name a few (Kapaj et 
al., 2006). Although many As compounds are labeled carcinogenic, the real toxicity of it 




concentration of As compounds in food and plants. Table 1.1 shows the equations and 
pKa values of inorganic As and Sb species commonly found in the environment (Wilson 
et al., 2010)(Smith et al., 1998; Zakaznova-Iakovleva and Seward, 2000; Puigdomenech, 
2002). (Wilson et al., 2010).  
 
 
Redox potential (Eh) and pH control arsenic speciation. At higher pH, HAsO42− is 
dominant (H3AsO40 and AsO43− may be present in strong acid or base conditions, 
respectively, at low pH (pH 6.9) which is in oxidizing conditions, H2ASO4− dominates. 
Figure 1.2A shows the Eh-pH diagram, it shows the arsenic species predominating in 
various pH ranges, and under the reducing conditions (at pH<∼9.2), the uncharged 
H3AsO40 predominates (Lombi and Holm, 2010). Fig. 1.2B and 1.2C summarise the 
Table 1. 1.Equations and pKa values for inorganic As and Sb species (Wilson et al., 2010); Smith et al., 




deprotonations of arsenious (H3AsO3) and arsenic (H3AsO4) acids under differing 





1.5 Sb and As in the environment 
In seawater, Sb and As occur at concentrations of 0.4-1.6 nM and 10-20 nM, respectively 
(Filella, Belzile and Chen, 2002a). Antimonate and arsenate, which are the oxidised 
inorganic species (V) are predominant in oxic waters, and due to biotic and abiotic 












Figure 1. 2. Eh-pH diagram  (Lombi and Holm, 2010) (A) and pKa values and dissociation of As(V) (B, C) 







(antimonite and arsenite) occurs at much lower levels. Wilson et al., (2010) gave the 
pertinent redox reaction that occurs in the environment (Table 1.2). Also, the methylated 
species, dimethyl arsenic acid (DMA), monomethyl arsenic acid (MMA), monomethyl 
stibonic acid (MMSb), and other organic species (arsenosugars) occur (Quentel and 
Filella, 2002; Filella et al., 2007; Filella, 2013).  
 
Reaction pe0a Eh0 (V) 
O2 + 4H+ + 4e- = 2H2O 20.8 1.23 
2NO3- + 12H+ 10e- = N2 + 6H2O 21.1 1.25 
MnO2 + 4H+ + 2e- = Mn2+ + 2H2O 20.4 1.21 
Fe(OH)3 (amorphous) + 3H+ + e- = Fe2+ + 3H2O 16.6 0.98 
a-FeOOH (goethite) + 3H+ + e- = Fe2+ + 2H2O 13.1 0.77 
Sb(OH)6 - + 3H+ + 2e- = Sb(OH)3 + 3H2O 12.9 0.76 
Sb2O5 + 4H+ + 4e- = Sb2O3 (valentinite) + 2 H2O 11.0 0.65 
Sb2O5 + 6H+ + 4e- = 2Sb(OH)2 + + H2O 9.8 0.58 
H3AsO4 + 2H+ + 2e- = H3AsO3 + H2O 9.5 0.56 
SO4 2- + 10H+ + 8e- = H2S + 4 H2O 5.3 0.31 
Sb(OH)2 + + 2H+ + 3e- = Sb + 2 H2O 3.6 0.21 
CO2 + 8H+ + 8e- = CH4 + 2v 2.9 0.17 
Sb2O3 + 6H+ + 6e- = 2Sb + 3 H2O -2.5 -0.15 
H3AsO3 + 3H+ + 3e- = As + 3 H2O -4.2 -0.25 
Sb + 3H+ + 3e- = SbH3 -8.6 -0.51 
As + 3H+ + 3e- = AsH3 -4.0 -0.61 
 
 
Figure 1.3 shows the pH-dependent dissociation among hydroxylated metalloid acids. 
The neutral forms of the metalloids with a 0-4 pH range are in the curves in redpoint 
toward the undissociated portions. Because of the large variability of pKa values of the 
metalloids in the environment, the species are present in the plant or soil they thrive in 
uncharged molecular form (Kroukamp et al., 2016; Guerriero et al., 2020).  
 













1.5.1 Antimony in the environment 
Among the four oxidation states of Sb, the main species that are most frequently present 
in the environment are Sb(III) and Sb(V) (Filella, 2013; Pla-Vilanova et al., 2019). Sb(V) is 
the most predominant species and exists in the oxic environment in the form of Sb(OH)6- 
while Sb(III) exists in the form of Sb(OH)3 in anoxic condition.  
Antimony's natural concentration in the environment specifically in the Earth's crust is 
around 0.2-0.3 mg Kg-1 (Tschan et al., 2009). In soils, Sb is slightly higher between 0.3 and 
8.6 mg Kg-1 (Table 1.1). The increased use of Sb in mining and industry has led to 
widespread environmental soil contamination issues (Tschan et al., 2008). A substantial 
number of papers have now been published on the element and its behaviour in the 
natural environment. Sb is present in soils and natural waters (i.e., freshwater systems, 
oceans, and estuaries) as a result of rock weathering, soil runoff, and anthropogenic 
activities (Filella et al., 2002) with concentrations ranging from well below 1 ug/L up to 
100 ug/L because of anthropogenic activities (Filella et al., 2009). Dissolved Sb 
concentration in the ocean ranges from ng/L to a ug/L depending on the location and the 
pollution sources. Information on Sb transformation and transport in the environment is 
scarce as well as the Sb speciation in various media. This is the reason why further 
research is needed to understand Sb behaviour and fate in the environment (Filella, 
Belzile and Chen, 2002a). However, many key aspects of the environmental chemistry of 
Figure 1. 3. pH dependent dissociation balance among hydroxylated metalloid acids (adapted from 




antimony remain poorly understood. These include critical areas such as its 
ecotoxicology, its global cycling through different environmental compartments, and 
what chemical form it takes in different environments. The environmental behaviour and 
toxicological effects of Sb strongly depend on its various forms in the environment, thus 
developing methods for measuring the various forms of Sb will be depending on the 
specific form of antimony (Filella et al., 2009).  
Medium Source of 
pollution 
Concentration 
(mg Kg-1 unless 
given otherwise) 
References 
Igneous rocks - 0.1-1 US Geological Survey, 2004 
Sedimentary rocks - 0.05-1.5 Bowen, 1979 
Soil background - 0.3-2.3 Kabata-Pendias, 2010 
Seawater - 0.0002 Filella, et. al., 2002 
Water near mine Mercury mine 418 Gemici and Tarcan, 2007 
Soils near mine Mercury mine 0.5-52 Gemici and Tarcan, 2007 
Emissions waste deposit Waste deposit 10 µg m-3 Hirner et al., 2000 
Roadside highway (100 
m distance) 
Traffic pollution 0.53 Cal-Prieto et al., 2001 
Needles of trees Residential area 2.4 Pohl et al., 2003 
Orchard soil Pesticide 0.4-1.5 Wagner et al., 2003 
Grass Antimony smelter 400 Ainsworth et al., 1990a 
Garden soil near disused 
mine 
Past mining activities 500 Hammel et al., 2000 
Detritivore invertebrates Smelter 290 Ainsworth et al., 1990b 
Ectomycorrhizal fungi Lead smelter 100-1400 Borovička et al., 2006 
Aquatic plants Mine tailing pond 19 (Hozhina et al., 2001 
Garden and crop plants Spiked pots 399 Hammel et al., 2000 
Shooting range Bullets 13800 Johnson et al., 2005 






Figure 1.4 shows the Sb sources, processes transport, and transformation in the 
environment. The Sb pollution is caused by natural enrichment through weathering of 
mineralised rocks (Hu et al., 2017) and can be enhanced anthropogenically via 
historical mining and smelting activities (Lin et al., 2018). The accumulated high Sb 









1.5.2 Arsenic in the environment 
As is one of the most abundant, and naturally occurring metalloids in Earth's crust and 
found in our environment (Moreno-Jiménez et al., 2012; Hettick et al., 2015). It is widely 





distributed in rocks, soil water, and air. Arsenic can be released into the environment 
naturally and anthropogenically by volcanic eruptions and by-products of mining, 
respectively, to name a few (Welch and Stollenwerk, 2003). Mining, smelting of non-
ferrous metals, and energy production from fossil fuel are some of the primary 
anthropogenic sources of As contamination in the environment (Lombi and Holm, 2010). 
Figure 1.4. shows the summary of important inorganic, organic, and biological forms of 
arsenic in the environment. 
 
Figure 1. 5 Arsenic speciation in the environment (adapted from O'Day, 2006) 
As is widely used as a herbicide and insecticide or wood preservative because of its 
disinfectant efficacy and resistance to decay, respectively. As is also widely used in 
manufacturing industries, electronics, and medicine, a high concentration of inorganic 
As in groundwater has been reported for the past three decades, like in the case of 
Bangladesh where around 60 million people do not have access to fresh drinking water 




(Bengal Delta) (Mandal and Suzuki, 2002) and many countries such as Argentina, China, 
Chile, Mexico, Taiwan and Vietnam (Smedley and Kinniburgh, 2000). 
 
 
Table 1.3. Major arsenic minerals occurring in nature composition (adapted from 
Tschan et al., 2009). 
Mineral Composition Occurrence 
Native arsenic  As Hydrothermal veins 
Niccolite  NiAs Vein deposits and norites 
Realgar AsS Vein deposits, often associated with orpiment, 
clays and limestones, also deposits from hot 
springs 
Orpiment  As2S3 Hydrothermal veins, hot springs, volcanic 
sublimation product 
Cobaltite CoAsS High-temperature deposits, metamorphic rocks 
Arsenopyrite FeAsS The most abundant As mineral, dominantly 
mineral veins  
 Tennantite (Cu, Fe)12As4S13 Hydrothermal veins 
Enargite  Cu3AsS4 Hydrothermal veins 
Arsenolite  As2O3 Secondary mineral formed by oxidation of 
arsenopyrite, native arsenic and other As minerals 
Claudetite  As2O3 Secondary mineral formed by oxidation of realgar, 
arsenopyrite and other As minerals 
Scorodite FeAsO4.2H2O Secondary mineral 
Annabergite  (Ni,Co)3(AsO4)2.8H2O Secondary mineral 
Hoernesite Mg3(AsO4)2.8H2O Secondary mineral, smelter wastes 
Haematolite  (Mn,Mg)4Al(AsO4)(OH)8  
Conichalcite  CaCu(AsO4)(OH) Secondary mineral 
Pharmacosiderite Fe3(AsO4)2(OH)3.5H2O Ions oxidation product of arsenopyrite and other 
As minerals 
 
Table 1.4.  Standards and Regulations for Inorganic Arsenic (adapted from (ATSDR - 
Environmental Medicine & Environmental Health Education - CSEM, 2013) 
Agency Focus Level Comments 
ACGIH Air-workplace 10 micrograms/m3 Advisory; TLV/TWA¹ 
NIOSH Air-workplace 2 micrograms/m3 Advisory; 15-minute ceiling limit 
OSHA Air-workplace 10 micrograms/m3 Regulation; PEL over 8-hour day 





1.6 Sb and As uptake in Plants 
1.6.1 Antimony in plants 
Sb contamination in soil is caused by anthropogenic sources like mining and industrial 
activities (Cheng and Sun, 2014). Although Sb is a non-essential element, several studies 
have reported that plants growing in an Sb polluted environment can uptake large 
amounts of Sb (Telford et al., 2009; Ren et al., 2014). Very little is known about the 
mechanisms that lead to the uptake of Sb from the soils to the plant and mechanisms 
responsible for the translocation of Sb within the plant compartments' uptake.  
Water-drinking 
water 
10 parts per billion Regulation; maximum contaminant level 
in public drinking water supplies 
  Food 0.5-2 parts per 
million 
Regulation: applies to animals treated 
with veterinary drugs 
 
ACGIH = American Conference of Governmental Industrial Hygienists EPA = US Environmental Protection Agency 
FDA = US Food and Drug Administration NIOSH = National Institute for Occupational Safety and Health OSHA = Occupational 
Safety and Health Administration, TLV/TWA (Threshold Limit Value/Time Weighted Average) = time-weighted average 
concentration for a normal 8-hour workday or 40-hour workweek to which nearly all workers may be repeatedly exposed, PEL 







Tschan et al. (2009) proposed two Sb uptake mechanism: (1) through anion transporters 
(i.e., Cl-1 or NO3-), antimonate enters the root symplast with low selectivity, and (2) 
through xylem via the apoplastic pathway, antimonate enters the plant by passing in an 
incompletely sealed or damaged Casparian strip. 
1.6.2 Arsenic in plants 
The major natural source of As is from desorption from As containing minerals (Hettick 
et al., 2015). As groundwater contamination is a global problem, it is not only limited to 
water sources, As contamination in soil has been an environmental problem that is 
Figure 1. 6. Current understandings (texts in the green box) and gaps (texts in the yellow box) in Sb 




affecting agricultural areas around the world, specifically in countries in Southeast Asia 
like Bangladesh and Taiwan, and other nations like Hungary, Mexico, USA, Australia, and 
Argentina (Canepari et al., 2010; Lichtfouse et al., 2012). Soil served as a sink to As and 
not only can cause considerable harm in microbial processes in the soil that affects plants 
and other organisms in the soil but can transfer the pollutants to plant roots (Basta, 
2006). Table 1.5 and 1.6 show the As concentration in soil and plants, respectively (Panda 
et al., 2010).  As is one of the toxic metalloids and group I carcinogen, it poses a threat 
to plants, mostly plants that are consumed by human beings that leads to adverse health 
effects (i.e., cancer) (Panda et al., 2010).  As has no known function to plants (Gupta et 
al., 2011), but maybe toxic even at low concentration  (ug L-1) range in plants (Welch and 
Stollenwerk, 2003; Bastías and Beldarrain, 2016). High As concentration in the soil can 
cause cell necrosis, chlorosis, growth inhibition, and death (Hettick et al., 2015).  
 
Table 1.5 List of concentrations of Arsenic in typical polluted and non-polluted soils 
(adapted from Garg et al., 2015) 
 
Type of soil Concentration 
of arsenic 
Reference 
Calcareous soils (uncontaminated) 5–17 μg L−1 Althobiti et al., 2018 
Shallow groundwater 5–123 μg L−1 Sadiq, 1992 
Alluvial aquifers (contaminated) 50–126 μg L−1 Nimick, 1998 
Smelters 1,000 ng m−3 International programme on 
chemical safety, 2004 
Pesticide manufacturing or mining 
sites 
Up to 
5,000 μg L−1 
International programme on 
chemical safety, 2004 
Volcanic rock or sulfide mineral 
deposits 
3,000 μg L−1 International programme on 
chemical safety, 2004 
 
Table 1.6. As concentration detected in some plants (adapted from Matschullat, 
2000). 





Food chain transport of trace metals and metalloids (i.e., As) poses a threat to human 
health, and more studies are needed to see the health effects of consuming 
contaminated crops to humans. Different species have different mechanisms of As 
transport. For example, Burló et al. (1999) and Rodriguez-Iruretagoiena et al. (2015) 
showed that tomatoes do not efficiently accumulate As, yet rice is a very efficient As 
accumulator, making rice potentially unsafe for human consumption (Bhattacharya et 
al., 2009; Sun et al., 2009).  
1 Cabbage (Brassica oleracea) 0.020–0.050 
2 Carrot (Daucus carota) 0.040–0.080 
3 Grass 0.020–0.16 
4 Potato (Solanum tuberosum) 0.020–0.200 
5 Lettuce (Lactuca sativa) 0.020–0.25 
6 Mosses and lichens 0.26 





Despite the firm knowledge of the interaction between As and plant cells, we still don't 
understand the exact nature of why As is toxic. 
 
Figure 1. 7. Timeline of some significant proceedings in the toxicology and contamination of arsenic 




What part of the plant metabolism are most vulnerable to As toxicity and why. What are 
the most critical molecular targets for As, and how to protect these targets through 












Figure 1.8 shows Shri et al. (2019) study of As uptake translocation and detoxification in 
plants. The translocation of As from roots to shoots can be either active or passive. 
Arsenate (the phosphate analogue) is taken up by Pi transporters, and arsenite and 
methylated forms of As (MMA and DMA) are taken up by aquaporins. Arsenite forms 
complexes with glutathione (GSH), phytochelatins (PCs), and metallothionein (MT), 
which are thiol-rich peptides, and these complexes are sequestered inside the vacuole 
via ATP-binding transporters (ABCC transporters). Iron (Fe) plaque in the plant roots 





adsorb and prevents the entry of As via roots. Long-distance transport of arsenite 
through the xylem/phloem in the shoot to the seed is partially mediated by aquaporins 
and inositol transporters (INTs). 
1.7 Xylem sap, Plant transport, and nutrient and water uptake  
Plants obtain water and nutrients from the soil through the roots and carbon and 
nitrogen from the atmosphere. Micro and macronutrients are essential for all plant 
species to perform all the needed functions to grow. There are 14 different types of 
nutrients, among which nitrogen (N), phosphorus (P), potassium (K), sulfur (S), calcium 
(Ca), and magnesium (Mg) belong to the macronutrients. The second group is the 
micronutrients or trace metals that are needed in smaller quantities are composed of 
iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), cobalt (Co), boron (B), chloride (Cl) and 
molybdenum (Mo) (other additional are sodium (Na) and silicon (Si))  
Xylem and phloem are two vascular tissues used by the plant to distribute all the 
necessary nutrients from the roots. They are involved in a long-distance transport system 
consisting of vascular bundles that permeate higher plants' whole body. Xylem vessel is 
primarily used to transport water, nutrients and send signals to different parts of the 





Figure 1. 9. Hierarchy of elemental nutritional requirements for plant life (adapted from 
http://microfarmgardens.com/blog/2014/1/1/macronutrients-and-micronutrients-for-plants.html) 
Xylem water consists of minerals, root metabolites products, and signals transported 
from the roots to different parts of the upper plant (i.e., leaves). On the other hand, 
phloem vessels can also transport water, nutrients, and other organic compounds from 
photosynthetic organs to auxotrophic ones (Figure 1.9)(Alexou and Peuke, 2013; 
Hawkesford et al., 2013). The driving forces of long-distance transport are based on 




chemical potentials. Xylem can be arguably considered challenging to investigate 
because of the complex gradients in pressure and potential (Steudle, 2001). 
1.7.1 Xylem sap collection methods 
One of the crucial aspects of food safety is to study the translocation of nutrients in 
plants as part of the human diet. The transport of toxic elements (i.e., Sb and As) in low 
concentration is not always shown by the plants. Moreover, there is a need to study the 
substances transported in plants as part of food safety. There are several ways to do to 
study this process. The first one is the total analysis of the metal under study by 
separating the plants into each part (roots, shoots, leaves, flower, and fruit), use them 
for extraction, and calculate the translocation factors from these plant parts (Madejón 
et al., 2006; Rellán-Álvarez et al., 2006). Another method is the collection of xylem sap 
as the transportation medium. It is the blood equivalent for animals or humans. 
The fluid transport (i.e., xylem and phloem) is a closed system, and it is susceptible to 
outside mechanical disturbances due to air entry.  Xylem transport is partially on 
negative pressure so that air entry will not disturb xylem flow. Many studies about 
quantification and speciation of metal(loids) in plants reported difficulty of the xylem sap 
sampling procedure, and most of it involved destructive sampling of xylem sap by cutting 
the stem of the plant (Pickering et al., 2000; Mihucz et al., 2005; Raab et al., 2005; Xu et 
al., 2007). Several studies used a destructive way of collecting xylem sap from different 
plants like cucumber (Cucumis Sativus L.), sunflower (Helianthus annuus), fern (Pteris 
Vittata), and tomato (Lycopersicum Esculenthum). The following are the methods of 




1.7.1.1 Destructive techniques 
The main disadvantages of destructive xylem sap are that a fair number of samples need 
to be taken since a plant population is not homogeneous. Also, there are high risk of 
interferences from the procedure, such as flux rate changes, contamination, or lateral 
exchange of compounds from xylem to phloem, or vice versa (Schurr, 1998, 1999). 
1.7.1.1.1  Root exudate method 
This method is the simplest way to collect and sample xylem sap from plants without 
using sophisticated instrumentation (Satoh, 2006). This method involves cutting off the 
transpiring shoot of a plant near the root-shoot interface, and the sap is excreted from 
the decapitated plant part. The advantage of this method is easy to apply and less 
contamination. Not all plants can be used for this method. Plants that excrete sap after 
decapitation are suitable (i.e., cucumbers, kiwi fruits, tomato, and soybean plants)(Biles 
and Abeles, 1991; Tatár et al., 1998; Bennett and Sicher, 2011). 
1.7.1.1.2  Centrifugation 
This technique involves cutting off the roots, stems and leaves and inserting the stem 
into a centrifugation vessel with a speed of 4000 rpm at 2-4 °C. This method is simple 




1.7.1.1.3  Sampling from other plant parts 
This set of methods is based on the notion that exudates can be forced out of the xylem 
of plant part cuttings by applying pneumatic pressure. The low cost and simplicity of not 
using other equipment are the advantages of this method (Alexou and Peuke, 2013). 
1.7.1.1.3.1 Sampling from other plant parts 
This simple method is used when a high amount of xylem sap is expected to be collected 
from the plants. It uses a handheld portable vacuum pump. This method requires two 
persons to operate it as its disadvantage. The low cost and simplicity of not using other 
equipment are the advantages of this method (Alexou and Peuke, 2013). 
1.7.1.1.3.2 Pressure Chamber 
This is a modified version of the "pressure vessel technique" of Scholander et al. (1965). 
This technique uses gas pressure applied to a plant causing xylem sap to flow in the 
opposite direction. This is to compensate for the negative pressure in the xylem vessel. 
This technique applies to tree and bush twigs and roots and uses a Scholander pressure 
chamber, which consists of a vertical metal chamber supplied with N2 gas. 
1.7.1.1.3.3 The Passioura method 
This method overcomes the xylem tension by the application of pneumatic pressure to 
the root system. This can only be used in a greenhouse or laboratory set-up (Passioura, 




into the pressure chamber with a pressure of 0.2-2.0 MPa. This method is non-
destructive, where the plant still survives after the xylem sap collection. 
1.7.1.2 Non-Destructive techniques 
Non-destructive techniques of sampling xylem saps are used from intact, living, and 
transpiring plants. In this method, the plants' normal processes are not disturbed 
(Schurr, 1998). 
1.7.1.2.1  Insects feeding on xylem 
This method is an indirect technique of sampling xylem sap from the plant using xylem 
feeding insect (e.g., meadow spittlebug (Philaenus spumarius L.)). This bug only feeds on 
xylem sap, and the excrements represent the inorganic ion concentrations of sap they 
were fed on. The analysis of xylem sap is through the bug's excrement except for 
ammonia. This method's disadvantages are that the bug's organic composition might 
contaminate the xylem sap and the possibility that the bug does not feed on every plant. 
1.7.1.2.2  The xylem pressure probe 
This method has a less invasive approach in the plant under investigation where a 
pressure tube is inserted into the xylem, as the name suggests (Schurr, 1999). This 
method involves the insertion of a microcapillary tube into the xylem vessel, through the 
stem where the sap is being sampled. An overpressure was applied to compensate for 
the negative pressure in the vessel. The advantage of this technique is that it can be 




vessels. The disadvantages are that a high technical effort is required, and mean xylem 
sap concentration determination is not possible. 
1.7.2 Analytical techniques  
1.7.2.1 Analytical techniques for Sb determination 
Many techniques can now be used for Sb determination commonly present in aqueous 
and solid samples, depending on the task at hand. This has resulted from the 
development of a plasma-based analyte system of detection and technological advances 
in microwave digestion for solid samples (Nash et al., 2000). Inductively Coupled plasma-
Mass Spectroscopy (ICP-MS) and (Inductively Coupled Plasma-Atomic Emission 
Spectroscopy (ICP-AES) is now commonly used for the measurement of total Sb 
concentration in soils, aqueous solutions, environmental, and biological samples. ICP-MS 
has become more popular because of the advantages of reduced spectral interferences 
and lower analyte detection (pg mL-1). 
There is no doubt that these elements' toxicity is related to their chemical speciation, 
i.e., under which chemical forms they are present. These chemical forms dictate the 
elements' overall mobility from one compartment to another (e.g., from the dissolved 
form to adsorbed onto solids), their bioavailability (some forms are more bioavailable 
than others), and ultimately their toxicity. The determination of that element's 
speciation is required to better grasp and understand its cycling through the 
environment. While the determination of total concentrations is no longer an issue, 
knowledge of the chemical distribution in water and other biological matrices (e.g., sap, 




methods for quantification of these metalloids in the environment, food, water, and 
plants (Francesconi and Kuehnelt, 2004).  
The speciation of Sb faces several complex analytical challenges, highly selective 
separation, and identification before the analysis. Most published studies on typical 
hydride generation applications are insufficiently selective for determining intrinsic Sb 
speciation, and often only oxidation data are obtained. 
Electrochemical methods with the stripping techniques are also very sensitive and can 
be used after appropriate treatment of the samples to analyse low Sb levels in, e.g., rivers 
(Anawar et al., 2011) or soil extract (Telford et al., 2008). In this case, because of Sb(V) 
electronegativity, a chemical reduction is first achieved using a different reducing agent 
(SO2). Spectroscopic techniques are also still used with the formation of a complex with 
Sb.  However, these techniques have the disadvantage of time-consuming and high 
detection limits. For speciation studies where information about the oxidation states and 
organo-complex are needed, a coupling of chromatographic with mass spectrometric 
techniques is the most powerful, robust, and most widely used analytical technique for 
separation and detection. 
Spectroscopic analysis of metals has become obsolete due to the time of time required 
for sample preparation and analysis but it also has a high limit of detection (Niedzielski 
and Siepak, 2003). GF-AAS/GF-ICP (Graphite furnace-Atomic Absorption 
Spectroscopy/Inductively Coupled Plasma) and HG-AAS (Hydride generation-AAS)  are 
the techniques usually used for total Sb (Niedzielski et al., 2002; Wu and Sun, 2016; Grob 
et al., 2018; Pedron et al., 2019; Wu et al., 2019). A combination with Mass spectrometry 




agreement with certified biological standards. Chromatographic techniques in Sb 
determination, specifically HPLC (High-performance liquid chromatography) and GC (Gas 
Chromatography) provide more detailed information than spectroscopic analysis 
explained earlier. Chromatographic techniques require sample pre-treatment, 
separation of different species in the sample, and detection of the separated species 
(Zheng et al., 2001).  
HPLC has been used in the various analysis of Sb in the surface, or seawater samples 
(Quentel et al., 2006) contaminated water from mining areas or extracts of mine soil 
residues, airborne particulate matter, and biological samples like plants (Daus and 
Hansen, 2016). A typical combination is chromatographic techniques for the separation 
and spectroscopy as the detector identifies the metalloids such as Sb (HPLC-ICP-MS, 
HPLC-FAAS ICP-MS) (Niedzielski and Siepak, 2003). 
1.7.2.2 Analytical techniques for As determination 
There is a need to emphasise the development of analytical methods for quantification 
of this metalloid in the environment, food, water, and plants (Francesconi and Kuehnelt, 
2004). Figure 1.7 shows the analytical methods for arsenic measurements and their 
relative merits. HPLC-ICP-MS, hydride generation atomic spectrometry, and electrospray 
MS detection are some of the available methods in As determination, which is based on 
the hyphenated technique (Ammann, 2011). It can separate different complexes that are 
stable enough not to be destroyed in the chromatographic column. Hence, it is crucial to 
determine whether the complexes have been altered during sample 




Because of the high-quality speciation work requirements, arsenic speciation remains 
challenging (Ammann, 2011). The reliability of As elucidation is also a problem because 
of the interference of less toxic As-species. 
The following crucial points should be considered to perform Sb(III) speciation in 
environmental samples: have a stable complex (like EDTA) of Sb(III) by using the 
complex-forming agent as eluent, ensure complete complex formation (e.g., by adding 
EDTA to the samples before analysis), then use a substantial AE column, and use an 
optimized, element-specific detector (ICP-MS or HG-AFS) (Daus and Hansen, 2016). 
1.7.2.3 Electroanalytical Speciation for Sb and As 
There is a wide range of spectroscopic techniques for total Sb determination and 
speciation in real environment samples (Torghill and Compton, 2011). But the equipment 
often used for such analysis is bulky, expensive, and immobile. The necessity for a cheap, 
portable, smaller, and more straightforward analytical technique used in the field was to 
use electrochemical methods. One of the techniques is using a gold micro-wire electrode 
that is well suited for the speciation of inorganic arsenic and antimony that has the 
advantage of low cost, portability, and may detect weak complexes (Salaün et al., 2007). 
The technique may also be used to gain insights into the complexation patterns of 
inorganic and organic-bound Sb and highlight the formation of weak, fast-dissociating 
species as well as inert, stable complexes. Voltammetry may be used with 
chromatographic and hyphenated techniques. This study will give a better 
understanding of the biogeochemical cycle of Sb in the environment, focusing on the 




translocation of Sb in plants or focusing on the complexation of arsenic with humic 
substances. The speciation of metalloids is often limited to the differentiation of 
oxidation states, not so much about the complexation of these hydroxy-species with 
ligands. This is because analytical methods for measurements in natural conditions of pH 
are lacking. Aside from the matrix effects, poor electroactivity of As and the type of 
electrode to be used are some of the hindrances in the analysis (Kowalska et al., 1999). 
However, voltammetry might be able to do it, both for trivalent and pentavalent species 
(Toghill et al., 2011). 
 
1.7.2.3.1  Mercury Electrodes 
There are several Sb studies with mercury (Hg) electrodes.  Sb(III) measurements were 
possible using this electrode and highly acidic and halide containing electrodes. Due to 
Figure 1.8. The recent development in the construction of modified electrodes aimed at detecting As 




the Sb(V) inactivity, only the total Sb or Sb(III) is determined in most of the mercury-
based electroanalytical techniques. The most common mercury-based electrodes used 
in Sb determination without complexation or modifiers are Hg film electrodes (MFE) and 
the hanging Hg drop electrodes (HMDE). The method is based on antimony amalgam 
formation with the Hg surface, and with this, Differential Pulse-Anodic Stripping 
Voltammetry (DP-ASV) method is the most frequently used Carbon Electrodes. 
1.7.2.3.2  Carbon Electrodes 
Sb analysis using Hg electrodes has been used in industries since it is toxic to human 
beings and the environment despite the control measures being placed during the 
analysis (Toghill, 2011). Carbon electrodes that have been used in Sb determination 
include glassy carbon (GC), carbon paste electrodes (CPE), boron-doped diamond (BDD), 
and screen printed electrodes (SPE) (Niedzielski, 2003). Application of complexing or 
chelating agents such as triphenylmethane dyes (TPMD) or rhodamine C have been used 
to form ion-pair complexes with Sb, and in the case of TMPD, it can selectively react only 
to Sb(V) and not to Sb(III) based on their oxidation states.  
1.7.2.3.3  Gold Electrodes 
The use of gold micro-wire electrode is well suited for the speciation of antimonate and 
has the advantage of low cost, portability, and may detect weak complexes (Salaun et al. 
2007). The technique may also be used to gain insights into the complexation patterns 
of inorganic and organic-bound arsenic and highlight the formation of weak, fast-




chromatographic and hyphenated techniques. This study will give a better 
understanding of the biogeochemical cycle of arsenic in the environment, focusing on 
the speciation of arsenic in xylem sap to better understand the translocation of arsenic 
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CHAPTER 2  
ARSENIC AND ANTIMONY SPECIES 
IMPACT ON CUCUMBERS – 
HYDROPONIC EXPERIMENT 
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2.1   Introduction 
Metalloids like antimony (Sb) and arsenic (As) are naturally present at relatively low 
levels in the environment (groundwater, rocks, and soils). However, their increased use 
has led to many environmental soil and groundwater contamination problems, and 
understanding their biogeochemical cycling is of prime importance to predict potential 
contamination issues. As toxicity has been recognised worldwide for decades (Lombi and 
Holm, 2010; Hasanuzzaman et al., 2015, 2018; Tamás, 2016) and has been the subject of 
many articles because of its epidemic and chronic health effects on both humans and the 
environment (Mishra et al., 2013). Its hazardous effect is becoming more of a threat due 
to increasing groundwater contamination that affects nearly 200 million people in over 
70 countries (Brammer and Ravenscroft, 2009), more specifically, in South and South-
East Asia (Figure 2.1) with an estimated 110 million alone from Bangladesh, Cambodia, 
China, India, Laos, Myanmar, Nepal, Pakistan, Taiwan and Vietnam (Mandal and Suzuki, 
2002; Geng et al., 2006; Brammer and Ravenscroft, 2009; Vithanage et al., 2012). 
Nevertheless, all continents are suffering from problems, including developed countries 
such as the United States (US), South America, and Europe (Woolson et al., 1971; Mead, 
2005; Amarasiriwardena and Wu, 2011; Moreno-Jiménez et al., 2012)(Woolson et al., 
1971; Smedley and Kinniburgh, 2002; Mead, 2005; Amarasiriwardena and Wu, 2011).  
As occurs in soil, it is also present in the aquatic environment (freshwater systems, 
oceans, and estuaries) as a result of rock weathering, soil runoff, microbiological activity, 
and anthropogenic activities (Gebel, 2001; Smedley and Kinniburgh, 2002; Moreno-




drinking water from human-made deep wells and irrigation water for agriculture like rice 
farming (Brammer and Ravenscroft, 2009). 
In agriculture, As has been used as herbicide, and as Asal medication in chicken in the 
form of Roxarsone® and organoAs was used as a treatment for Coccidiosis (a common 
parasitic disease in poultry), as feed conversion improvement for faster weight gain for 
poultry, and meat pigmentation improvement (Jackson and Bertsch, 2001; Garbarino et 
al., 2003; Nachman et al., 2013). In addition to inorganic As species, methylated species 
also occur in the environment because of the microbial methylated methylation process 
(Arnold et al., 2006). Dimethylarsinic acid (DMA), which is the common methylated 
species in soil, and the sodium salts of monomethyl As acid (MMA) are the most 
extensively used methylated As species in agriculture (Duester et al., 2005). As is a 
naturally occurring but carcinogenic pollutant. Its abundant presence in natural and 
agricultural environments threatens global food security and negatively affects millions 
worldwide. There have been many studies on the translocation of As in agricultural 
products like rice (Williams et al., 2006; Martin et al., 2010; Punrat et al., 2014; 
Ugochukwu et al., 2017; Kumarathilaka et al., 2018) in cereals (Salama and Radwan, 
2005), in cucumber (Mihucz et al., 2005; Ye et al., 2010; Gerényi et al., 2017; Wyrwicka 
et al., 2019), in tomato plants (Xu et al., 2007; Stazi et al., 2016), fruits and vegetables 
(FSA, 2012; Stazi et al., 2016; Hu et al., 2019). Different As compounds have been 
identified in the soil-plant systems, but the most common As species are arsenite, 
arsenate, monomethylarsenate (MMA), and dimethyl arsenate (DMA)  (in order of 




natural system in four oxidation states: (-3); (0); (+3); and (+5). The main forms in the 
soils are arsenate (As(V)) and arsenite (As(III))(Peralta-Videa et al., 2009).  
Contrary to As, Sb has not received much attention (Filella, Belzile and Chen, 2002a, 
2002b; Filella et al., 2009) and very little is known about the behaviour of Sb in plants. 
There is no legal threshold for Sb in food, but it may pose a potential human health risk 
(Pierart et al., 2015). In the US  and European Union (EU), Sb and its compounds were 
considered one of the priority pollutants in 1979 (USEPA, 1971) (Filella, Belzile and Chen, 
2002c). Sb concentrations can range as little as less than one ug L-1 up to 100 ug L-1 
because of anthropogenic activities (Filella et al., 2009). Dissolved Sb concentration in 
the ocean ranges from a few ng L-1 to a few ug L-1, depending on the location and the 
pollution sources. The World Health Association (WHO) set a permissible limit of 10 ug 
L-1 (10 parts per billion, ppb) and 20 ug L-1 (20 ppb) for As and Sb, respectively (WHO, 
2003b; Smith and Smith, 2004). Despite its toxicity, Sb has not received as much 
attention, mostly due to the relatively low concentrations encountered (nM)(Filella et 
al., 2009). Sb is typical in small amounts like air, water, and soil.  Through groundwater, 
Sb can pollute soils and other surface waters. Sb-based medicines are used for a parasitic 
disease in humans called Leishmaniasis, with an estimated 14 million human sufferers 
mainly in developing countries (Miekeley et al., 2002; Brochu et al., 2003; Tylenda et al., 
2015). Laboratory tests showed that animals' Sb accumulation in small amounts might 
kill small animals like rats, rabbits, and guinea pigs. The United States Environmental 
Protection Agency (USEPA) and the European Union (EU) consider Sb and its compounds 
as the priority pollutants (Filella, 2013). Information on the Sb transformation and 




further research is needed to understand Sb behaviour and fate in the environment 
(Filella and Williams, 2012).  
There is still a significant gap in knowledge on metalloid toxicity (i.e., As and Sb), 
adsorption, translocation, and bioavailability. A better understanding of the uptake, 
translocation, effect of exposure duration, and effect on plant growth are crucial for 


















2.2   Aims and Objectives 
This study's main objective was to understand the toxic effects of the metalloid's 
exposure (Sb and As) on cucumber plants chosen as model plants by exposing them to 
different metalloid species at different exposure duration. The hypotheses of this study 
are: (1) cucumber plant reacts more negatively to the trivalent species for both Sb and 
As compared to the pentavalent species; (2) the longer the amendment, the more 
accumulation of the metalloids in the cucumber plants; and (3) micro and 
macronutrients in the plants will vary as plant defense in counteracting As and Sb 
translocation in plants.  
The specific objectives were: 
• To perform hydroponic plant growth experiments where cucumber plants were 
amended with a constant amount of different species of As or Sb ((III) or (V)) for two 
exposure duration experiments (short-2 days and long-38 days),   
• To quantify the effects of As and Sb species and duration stress on the physiological 
growth parameters of cucumber (i.e., plant height, number of leaves, number of 
flowers, leaf area, root mass and biomass and foliar chlorophyll), 
• To quantify the total Sb and As concentration in cucumber plant parts (i.e., roots, 
stems, leaves, flowers, and xylem saps), and 
• To carry out correlation analysis to explore the correlation pattern of various 






2.3   Materials and Methods 
2.3.1   Chemicals 
Arsenite (As(III)) and arsenate (As(V)) were from As2O3 and NaAsH2O4, respectively 
(Sigma-Aldrich, UK) and were of analytical reagent grade. Standard solutions of 100 and 
10 M were prepared from the salt in 50 mL tubes with milli-Q water and acidified to pH 
2 with HCl. The As(III) standard solutions were taped and kept in the dark at all times to 
avoid any photooxidation processes. Solutions were renewed approximately every three 
months. 70% HNO3 ACS reagent was used to digestion of plant parts and xylem saps 
(Sigma Aldrich, UK). Hoagland's nutrient solution was made using MQ water. Chemicals 
were at least of analytical grade (KNO3, Ca(NO3)2 · 4 H2O, MgSO4, NH4NO3, KH2PO4, FeSO4· 
7 H2O, MnCl2 · 4 H2O, Na2B4O7 · 10 H2O, ZnSO4 · 7 H2O, CuSO4 · 3 H2O, Na2MoO4 ·2 H2O 
(Sigma Aldrich, UK). A 4-L plastic food container (HDPE) was used for growth 
experiments. Duct tape was used to cover the outside portion of the container to prevent 
algae formation, 15 mL centrifuge tubes (without lids and bottom cut open) were used 
to hold the container's cucumber plants. Cucumber seeds were bought from Real Seed 
online (http://www.realseeds.co.uk/cucumbers.html). Seedling tray and vermiculite 
were used to grow cucumber plants until the 2-leaf stage. All materials used were soaked 
in a 3% bleach solution overnight, followed with acid-washing, and thoroughly rinsed 




2.3.2 Modified Hoagland's nutrient solution  
The following stock solutions (1-6) were prepared, and the amounts indicated were used 
to prepare 1 litre (final volume) of Hoagland nutrient solution (Hoagland and Arnon, 
1950): (1) 2 mL 1.00 M NH4H2PO4 (adjusted to pH 6.3 with HCl); (2) 6 mL 1.00 M KNO3; 
(3) 4 mL 1.00 M Ca (NO3)2 · 4 H2O; (4) 1 mL 1.00 M MgSO4; (5) 1 mL of Micronutrient 
stocks. The following amount of salts was dissolved in one litre of water 2.86 g H3BO3, 
1.81 g MnCl2 · 4H2O, 0.22 g ZnSO4 · 7H2O, 0.08 g CuSO4 · 5H2O, 0.02 g H2MoO4 · H2O 
(Assaying 85% MoO3); and (6) 0.25 mL Iron Stock. The iron stock solution was made by 
dissolving 26.1 g EDTA in 286 mL MQ water with 19 g KOH giving an EDTA concentration 
of 64 mM. 24.9 g FeSO4 · 7H2O was dissolved in 500 mL MQ water in a separate beaker. 
This iron sulfate solution was then slowly added to the potassium EDTA solution, and the 
resulting solution was aerated overnight with stirring. The pH was increased to 7.1 using 
HNO3, and the solution was wine red with very few precipitations. The solution was made 
up to 1 litre with MQ water as the final volume and stored in an amber bottle (or covered 
with foil).  Table 2.1 shows the detailed composition of the modified Hoagland solution 









2.3.3   Plant growth 
2.3.3.1 Seed germination 
Cucumber seeds (Cucumis sativus L.) were soaked in water for five to 10 hours before 
draining (1:1 MQ: 3% H2O2). The drained seeds were folded into a damp towel with warm 
water in a plastic bag or box to prevent evaporation. The towel temperature was kept 










Volume of stock 
solution per litre 





 g mol-1 mM g L-1 mL  µM ppm 
Macronutrients        
KNO3 101.10 1,000 101.10 6.0 N 16,000 224 
Ca (NO3)2 · 4 H2O 236.16 1,000 236.16 4.0 K 6,000 235 
NH4 H2PO4 115.08 1,000 115.08 2.0 Ca 4,000 160 
MgSO4 · 7 H2O 246.48 1,000 246.49 1.0 P 2,000 62 
 
    S 1,000 32 
Macronutrients     Mg 1,000 24 
KCl 74.55 25 1.864  Cl 50 1.77 
H3BO3 61.83 12.5 0.773  B 25 0.27 
MnSO4 · H2O 169.01 1.0 0.169  Mn 2.0 0.11 
ZnSO4 · 7 H2O 287.54 1.0 0.288  Zn 2.0 0.13 
CuSO4 · 5 H2O 249.68 0.25 0.062  Cu 0.5 0.03 
H2MoO4 ·2 H2O 
(85%  MoO3) 
161.97 0.25 0.040  Mo 0.5 0.05 
NaFeEDTA 468.20 64 30.0 0.3-1.0 Fe 16.1-53.7 
1.00-
3.00 






roots were transplanted in the Vermiculite®. The germinated seed was transferred until 
their two-leaf stage, which took approximately two weeks, depending on the 
environment. The number of seeds that germinated was recorded and were removed 
from the plastic.   
2.3.3.2 Seed Disinfection Method 
Seeds are soaked in warm sterilized MQ water with few drops of 3% H2O2 for 30 minutes 
to 1 hour before soaking. This ensured that the seed is free of any pathogens, bacteria, 
or viruses before planting (Ogawa and Iwabuchi, 2001). All materials, equipment, and 
surfaces were sterilized by spraying with 3% Hydrogen peroxide and soaking with a 3% 
bleach solution. 
2.3.4   Hydroponic experiments 
The chosen model plant is cucumber for the hydroponic experiment to quantify As and 
Sb's effects on plant growth. The experiments were performed in a randomized 
complete block design (RCBD, Figure 2.1) located in the Institute of Integrative Biology 
of the University of Liverpool Bioscience building. All plants were grown in a plant growth 
room at a photosynthetic flux density (PFD) of 250-300 µmol m-2 s-1 at plant height, with 
a 14/10 h light/dark regime, temperatures of 27 °C (±1 °C, day) and 22 °C (±1 °C, night) 
at air humidity of 60% (±10%, day) and 80% (±10%, night). All cucumber plants were 
grown from the two-leaf stage until 35 ± two dat, until As and Sb were added to the 
hydroponic solutions at different exposure duration as described below. Control plants 




The nutrient solutions were renewed every 48 h unless otherwise stated. The loss of 
nutrient solution by evaporation was less than 10%. All nutrient solutions for the Sb and 
As the amendment were replenished with only 100 ppb phosphate solution one day 
before the amendment schedule for short and long-term exposure. This was based on 
the previous study done by Mihucz et al. (2005b) to exclude the competition between 
arsenate and phosphate (phosphate and arsenate ratio is 1:1). 
2.3.5 Treatments 
The two-leaf cucumber plants were transferred into 4-L plastic boxes containing 
hydroponic nutrient solution (Table 2.1). For the first week, a half-strength solution was 
used for the hydroponic system; for the rest of the time, a full-strength nutrient solution 
was used. Two different exposure experiments were conducted. The first experiment 
(plant set A) was used for studying As uptake and translocation of As(III) and As(V) 
exposed for only two days. Plant set B was used to repeat parts of the previous 
experiments but more prolonged exposure (35 days) and the addition of As(V) and 
Sb(V)species. Plant parts and xylem saps were analysed for As, Sb, and nutrient (micro 
and macro) determination for the two experiments. 
2.3.5.1 Plant set A 
Short-term (ST): 6 sets of plants grown until 35 ± two days after transplanting (dat) were 
allowed to expose for 46 ± 6 hours (2 days) with four plants per condition. Each set was 
grown in a separate batch (24 plants in total). As(III) or Sb(III) solutions were prepared 




a) Two sets of four plants each (8 plants in total) were challenged with no As and no Sb;  
b) Another two sets of four plants each (8 plants in total) were challenged with 100 μg/L 
As(III). 
c) Another two sets of four plants each (8 plants in total) were challenged with 100 μg/L 
Sb(III). 
2.3.5.2 Plant set B  
Long-term (LT): 10 sets of plants grown until 35 ± two days after transplanting (dat) were 
allowed to expose for 40 days with four plants per condition. Each set was grown in a 
separate batch (40 plants in total).  
In total, 40 plants were used in plant set B. 
a) Two sets of four plants were challenged with no As (8 plants in total) 
b) Two sets of four plants (8 plants) were each challenged with 100 μg/L As(III),100  μg/L 
As(V), 100 μg/L Sb(III), or 100  μg/L Sb(V) (32 plants in total). 







Figure 2. 1.Sprouted cucumber two-leaf seedlings in a 4-L food container (0) 0 ppb (1) 100 ppb As(III), 
and (2) 100 ppb Sb(III). Four cucumbers in one pot with 1.5 L Hoagland solution. 
100 ppb As(III) 
 







Figures 2.1 and 2.2 show diagrams of four cucumber plants grown hydroponically and 
the actual set-up inside the plant growth room. The set-up (Fig. 2.3) consists of a 4-L food 
container covered with duct tape to prevent algae growth by preventing light from 
entering. Into each lid, four holes were drilled. Into these holes, 15 mL, Greiner tubes 
without the lid, and bottom cut off were inserted. One container represents one 





Figure 2. 3. Diagram of a hydroponic plant setup with four cucumber plants in one pot. 
 









  Figure 2. 2. Cucumber hydroponic plant setup (UoL Bioscience plant growth room) 
100 ppb As(III) 100 ppb Sb(III) 
100 ppb As(V) 
0 ppb 
100 ppb Sb(V) 
15 mL centrifuge tube 
(bottom cut open) 
 
4-L plastic container 





2.3.6   Plant sampling and storage 
2.3.6.1 Plant Sampling 
All plants in each box (both sets) were divided into parts (roots, stems, leaves), washed 
with tap water followed by distilled water. The washed plant was dried with a paper 
towel, weighed, and was oven-dried at 70°C in weighed brown envelopes. All dried plant 
parts were grounded and kept for further analysis with Inductively Coupled Plasma (ICP-
MS). 
2.3.6.2 Xylem sap sampling – Stem Exudation 
This technique is the simplest way to sample xylem sap, which does not require 
sophisticated instrumentation (Kehr and Rep, 2007; Netting et al., 2012). In this 
technique, xylem sap was sampled using a micropipette (White et al., 1981), where the 
stem was cut 2 cm above the roots. The sap (approximately 500-600 uL) was collected 
after wiping the first few drops from the stem and was collected in a microtube (via 
micropipette) within the one-hour window period and stored at -80°C freezer until 
analysis. Benedict's test for reducing sugar was modified with an addition of acid 
hydrolysis reaction step of the sample to convert the non-reducing sugar into its 
monosaccharide (Benedict, 1908; Daniels et al., 1960; Simoni et al., 2005). Sucrose 
analysis was administered to ensure that xylem sap was not contaminated by phloem 




2.3.7   Measurement of plant growth parameters 
2.3.7.1 Plant Height 
Each cucumber plant's average plant height was measured using a ruler starting from 
the bottom of the stem up to the plant's tip. 
2.3.7.2 Leaf Area (Digital Image Analysis Method) 
Digital images of 10 randomly selected leaves per treatment were taken against a white 
background in a well-lighted room using an android smartphone and petiole application 
(http://petioleapp.com/)(Hrytsak et al., 2018; Polunina et al., 2018). It was calibrated 
every ten readings using the downloaded calibration pads for different leaf size range 
(i.e., 8, 11, 15, and 20 cm). A modified stand was made for the analysis based on the 
suggested set-up by the petiole application website shown in figure 2.6. 
 
Figure 2. 4. The hydroponic experiment's actual set-up in the plant growth room (photo taken at 20 






2.3.7.3 Number of Leaves and flowers 
Leaves and flowers were counted and recorded per plant per treatment, including the 
control. 
2.3.7.4 Biomass and Root mass 
Fresh and dry weight biomass was measured per treatment. The plants were divided into 
roots, stems, and leaves. Plant parts were tapwater washed, followed by distilled water 
and dried using a paper towel, and put in a pre-weighed brown paper envelope. Fresh 
weights were measured before oven drying at 70 C overnight. The plants were allowed 
to cool in a dry environment before weighing the dry weights and measure the moisture 
content. 
 
Figure 2. 5. Laboratory set-up for the leaf area analysis (from www.petiole.com) (left) and mobile 




2.3.7.5  Foliar Chlorophyll Content 
The spectrophotometric method used for chlorophyll extraction was the acetone 
extraction method (Porra, 2005). The method was based on Hoagland and Arnon (1950), 
but with modifications, chlorophyll was extracted using 20 % acetone (v/v in distilled 
water) and quantified using a fluorimeter (Horiba Fluoromax-4 Chem 246, Japan) 
(Ashbrook, 2014). The extracts were buffered at pH 7.8 to minimise pheophytin 
formation by losing a Mg atom in the presence of the extracted metabolite (Wickliff and 
Aronoff, 1962). 
2.3.8 Total metal analysis of the plant 
ICP-MS analysis of plant samples was adapted with modifications from Cheraghi et al. 
(2012). Before analysis, digestion pre-treatment was performed using wet acid digestion. 
Approximately 500 mg of dried plant parts (roots, stem, and leaves) were weighed into 
digestion tubes; 5 mL of HNO3 was added to each sample that was inserted into the 
digestion block. The mixtures were allowed to settle overnight. The digestion tubes were 
heated for 30 minutes at 60 °C. To ensure all samples were being digested, 1 mL of H202 
was added per digestion tube for washing the sides of the tubes. This procedure was 
repeated two more times (i.e., a total of 3 mL H2O2 for each tube). The temperature was 
raised to 120 °C for 2 hours to evaporate residual acid in the solution until almost dry (2-
3 mL). After the cooldown, the digestate was filtered with 540 Whatman filter paper, 
diluted with MQ water up to 25 mL, and transferred to PTFE tubes, including all the 
washings from the digestion tubes kept for further ICP-MS analysis.  The metals 




of the plant can be from its parts (i.e., roots, stems, and leaves) or the total amount from 
the whole plant unless otherwise stated. 
2.3.9 Quantification of metals in the sap, nutrient solution, and plant parts  
A multi-elemental analysis of samples was performed by high resolution inductively 
coupled plasma mass spectrometer (HR ICP-MS, Element 2, Thermo, Bremen, Germany). 
Before the analysis, digested samples were diluted up to 5 times using 2 % HNO3 
(ROTIPURAN-Supra, Carl Roth, Germany). Indium (In) was used as an internal standard 









The validity of HR ICP-MS measurements was confirmed by measuring a river water 
reference material (SLRS-5, National Research Council Canada); a good agreement with 
the certified values (within 10% of certified) was always obtained. The instrument's limit 
of detection is 0.003 and 0.002 ug L-1 for Sb and As, respectively. MQ water's procedural 
blanks were far below the level of concentrations measured in samples. Plant roots, 
leaves, stem samples were subjected to ICP-MS analysis after the digestion procedure 
Table 2. 2. Operation conditions for ICP-MS instrument 
ICP-MS Element 2 (Thermo, Germany) 
RF power 1200 W 
Coolant 15 Ar L min-1 (plasma gas) 
Auxiliary 0.92 L min-1 
Sample Gas 1.00-1.02 L min-1 
Nebulizer Sea-spray, 0.4 L min-1 
Spray chamber Twister, 50 mL, Cyclonic 
Sampling cone Ni 




described in section 2.3.3. Digestate (plant parts and xylem sap) were diluted, acidified 
with HNO3 at pH2, and subjected to ICP-MS analysis for As, Sb, Ni, Cu, Zn, Mn, Ca, and 
Mg. The method limit of detection is 0.016 and 0.015 ug Kg-1, for Sb and As, respectively. 
Each batch was accompanied by a 1 reagent blank, spike, and certified reference material 
(NIST 1573a).  
2.3.10  Statistical Analysis 
Data were analyzed using SPSS Statistics for Mac, version 26 (IBM Corp., Armonk, NY, 
USA). Two-way analysis of variance (ANOVA) was performed to determine the effects of 
5 different treatments (control, As(III), Sb(III), As(V), and Sb(V)) and 2 lengths of 
amendment duration (1: short-2 days and 2: long-38 days) and interactions. A p-value of 
<0.05 denoted significance. The Tukey (HSD) and subsequent pairwise comparison were 
employed to compare significant differences (P <0.05) between treatment means. All 
data presented are expressed as the means of replicates ± standard deviation (SD). A 
Pearson correlation analysis was carried out for finding the relation between 
investigated parameters (metalloid treatments, duration, nutrients) using SPSS 26, and 
a normality check of the variables was done before the analysis using Shapiro-Wilk's test. 
A Spearman's rank analysis was performed if the data is not normally distributed unless 
otherwise stated. Principal Component Analysis (PCA) with Varimax normalized rotation 
was employed to determine the possible concealed relationship on the obtained results. 
For this analysis, the relevance is identified as the components with eigenvalues of bigger 
than 1.0, a component that has factor loading > 0.75, from 0.75–0.5, and from 0.5 to 0.3 




Analysis (PCA) with Varimax normalized rotation was employed which can reduce the 
original multi-dimensional spaces of PCs (the principal component). For this analysis, the 
relevance is identified as the components with eigenvalues of bigger than 1.0, a 
component that has factor loading > 0.75, from 0.75–0.5, and from 0.5 to 0.3 is taken as 

















2.4   Results  
2.4.1 Plant Growth Measurements 
This experiment is composed of 2 durations: short-term (2 days) with 3 treatments; (a) 
control, (b) As(III) (c) Sb(III) and long-term (38 days), with 5 treatments (a) control, (b) 
As(III) (c) Sb(III) (d) As(V) and (e) Sb(V).  
2.4.1.1 Leaf Area 
From the leaf area results (Figure 2.7), there were statistically significant differences 
between different amendments F(4,195)=24.147, p=0.0005 and between lengths of 
amendments F(2,22)=38.077, p=0.0005, but there were no interaction effects between 
the two factors (no correlation). A Tukey post hoc test revealed significantly lower leaf 
areas between cucumber plants subjected to As and Sb amendments compared to the 
control plants for short- and long-term treatments. Both the As(III) and Sb(III) species are 
 
Figure 2. 6. Effect of As and Sb treatments the leaf area among: 5 treatments; (a) control, (b) As(III)(c) 
Sb(III) (d) As(V) and (e) Sb(V) and the length of amendment; (a) long-term (38 days), (b) short-term (2 
days) (a). Data presented are means ± SD of the 10 randomly selected leaves, Bars marked with the 
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lesser than the (V) species (not significant). It appears that the As and Sb amendments 
significantly affected the leaf area of the plants. As(III) and Sb(III) amendments showed 
a visual less leaf area compared to the As(V) and Sb(V) species exposed plant in the long-
term experiment (statistically not significant).  
2.4.1.2 Plant height 
There were statistically significant differences between the treatments and the lengths 
of treatment. This observation is similar to the leaf area results (Fig.2.8). Furthermore, in 
this case, there was an interaction effect between the two factors (metalloid and lengt 
of treatments are correlated). 
 
Based on the results, plants receiving no As nor Sb differ significantly higher plant height 
with the plants treated with As and Sb both in the short F (2,17) = 240.826 p=0.0005 and 
 
Figure 2. 7. Effect of As and Sb treatments plant height among: (1) 5 treatments; (a) control, (b) As(III) 
(c) Sb(III) (d) As(V) and (e) Sb(V) and the (2) length of amendment; (a) long-term (38 days), (b) short-
term (2 days) (a). Data presented are means ± SD, Bars marked with the same lower-case letters 
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long-term experiments F (4,35) = 54.044 p=0.000. Control cucumber plants are 
significantly taller compared to the treated plants.  In the long-term experiments, 
different species ((III) and (V)) of As and Sb were not significantly different. In the short-
term experiments, plant heights of control, As(III), and Sb(III) were all significantly 
different (control>Sb(III)>As(III)).  
2.4.1.3 Number of Leaves 
Figure 2.9 shows the number of leaves results comparing the control, amendment with 
As (3 and 5) and Sb (3 and 5) for long-term experiments and only the (III) species with 
control for the short-term experiment. There were statistically significant differences 
 
between the control, As, and Sb amendments F (7,60) = 25.78, p=0.0005 and between 
lengths of amendments F (2,22) = 38.077, p=0.0005, but there were no interaction 
effects between the two factors.A Tukey post hoc test revealed a significantly less 
Figure 2. 8. Effect of As and Sb species amendment in the number of leaves among: (1) 5 treatments; 
(a) control, (b) As(III) (c) Sb(III) (d) As(V) and (e) Sb(V) and the (2) length of amendment; (a) long-term 
(38 days), (b) short-term (2 days) (a). Data presented are means ± SD, Bars marked with the same 
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number of leaves between cucumber plants subjected to As and Sb amendments than 
the control plants for short- and long-term treatments. It appears that the As and Sb 
amendments significantly reduced the formation of leaves of the plants compared to the 
control plants. As(III) and Sb(III) amendments showed a statistically lower number of 
leaves than the As(V) and Sb(V) species in the long-term experiment. There were no 
statistically significant differences between group means as determined by one-way 
ANOVA in long experiment F (4,35) = 32.248 p=0.0005 and short experiment F (2,17) = 
3.982 p=0.038. 
2.4.1.4 Number of Flowers 
Figure 2.10 shows the number of flower results comparing the 76control and plants 
received amendment with As ((III) and (V) species) and Sb ((III) and (V) species) for a long-
term experiment.  
 
 
Figure 2. 9. Effect of As and Sb species amendment in the number of flowers among: (1) 5 treatments; 
(a) control, (b) As(III) (c) Sb(III) (d) As(V) and (e) Sb(V) for long-term (38 days). Data presented are 
means ± SD (n=4). Bars marked with the same lower-case letters within the treatment are not 






























The test was not measured in the short-term experiments since there were no flowers 
at 38 dat plants. There was a statistically significant difference between the control, As, 
and Sb amendments F (2, 4) = 68.3, p=0.0005 but no significant differences between the 
(III) and (V) both for As and Sb amendments. A Tukey post hoc test revealed a significantly 
lower number of flowers between cucumber plants subjected to As and Sb amendments 
than the control. This result showed that As and Sb amendments significantly affected 
flowers' formation regardless of the species.  
2.4.1.5 Foliar Chlorophyll 
The Foliar chlorophyll of the plants collected from the hydroponic experiments is shown 
in Figure 2.11 as a function of the metalloid treatments.  It shows the plant foliar 
chlorophyll count results comparing the control, and plants received amendment with 
As (III) and (V) and Sb (III) and (V) for long-term experiments. 
 
 
Figure 2. 10. Effect of As and Sb species amendment in the leaf chlorophyll content among (1) 5 
treatments; (a) control, (b) As(III)  (c) Sb(III) (d) As(V) and (e) Sb(V) for long-term (38 days), Data 
presented are means ± SD (n=4), Bars marked with the same lower-case letters within the treatment 













































There was a statistically significant difference between the control, As, and Sb 
amendments F (4,15) = 25.535, p=0.0005. A Tukey post hoc test revealed a significantly 
higher chlorophyll count in the control plant than cucumber plants subjected to As and 
Sb amendments. This result showed that As and Sb amendments significantly affected 
chlorophyll formation.  
2.4.1.6 Biomass 
Figure 2.12a shows the plant dry biomass results comparing the control and plants with 
As ((III) and (V)) and Sb ((III) and (V)) for long-term experiments and amendment with 
only the (III) species with control for the short-term experiment.  
 
Figure 2. 11. Effect of As and Sb species amendment in the dry biomass (top) and fresh biomass 
(bottom) among: 1) 5 treatments; (a) control, (b) As(III) (c) Sb(III) (d) As(V) and (e) Sb(V) and the (2) 
length of amendment; (a) long-term (38 days), (b) short-term (2 days) (a). Data presented are means 
± SD (n=4). Bars marked with the same lower-case letters within the treatment are not significantly 








Overall, there was a significant decrease in the dry biomass between the short and long-
term experiments, F (1, 14) = 14.18, p=0.002, and a significant interaction between 
duration and treatments F(2,8)= 21.67, p=0.001.  
In the long-term experiment, there were statistically significant differences between 
control, (III) species, and (V) species (both for As and Sb) F(4,5) = 27.26, P=0.002. On the 
other hand, there was no significant difference between control, As(III), and Sb(III) in the 
short-term experiment, F (2,3) = 3.160, p=0.183. Figure 2.13b shows the fresh weight 
plant biomass results comparing the control and plants with the amendment with As ((III) 
 
 
Figure 2. 12. Effect of As and Sb species amendment in the dry biomass (top) and fresh biomass 
(bottom) in the plant parts: roots, stems and leaves: 1) 5 treatments; (a) control, (b) As(III) (c) Sb(III) 
(d) As(V) and (e) Sb(V) and the (2) length of amendment; (a) long-term (38 days), (b) short-term (2 
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and (V)) and Sb ((III) and (V)) for long-term experiments and amendment (III) species with 
control for the short-term experiment. There was statistically significant lower biomass 
between the control, As and Sb amendments F (7,16) = 38.50, p=0.0005 and between 
lengths of amendments F (1,16) = 132.85, p=0.0005. There was an interaction effect 
between the two factors. A Tukey post hoc test revealed a significantly lower root mass 
between cucumber plants subjected to As and Sb amendments compared to the control 
plants for short and long-term treatments. Figure 2.13 shows the As and Sb species' 
effect in biomass categorised per plant parts. It shows that leaves have the highest 
biomass, followed by stems and, lastly, the roots. 
2.4.2 Total Sb and As in cucumber plants 
This study's Certified Reference Material (CRM) was NIST 1537a (Tomato leaves). The 
result of total Sb and As were satisfactory with 66.9 ± 2.6 ug Kg-1  and 117.7 ± 1.4 ug Kg-
1, respectively, although higher than the certified value of 61.9 ± 3.2 and 112.6 ± 2.4 ug 
Kg-1, respectively. The difference might be due to oxidizing organic compounds in the 
samples or some interferences from carbon enhancing effect on the As and Sb signals in 
the ICP-MS (Larsen and Stürup, 1994; Pettine et al., 2007). However, this would not affect 
the interpretation of the results. Figure 2.14 presents the results of the total As and Sb 
concentrations in dry matter (d.m) of roots, stems, leaves, and xylem saps after (1) short 
amendment duration (2d) with As(III) and Sb(III) and control and (2) long amendment 
duration (38d) with As(III), Sb(III), As(V) and Sb(V), and a control. Cucumber samples 
subjected to a more extended amendment have higher As and Sb concentrations than 




low-sub ppb levels of As and Sb from the salts used in the hydroponic nutrient solution 
for plant feeding. 
The highest As and Sb concentrations in the control plants for short and long amendment 
experiments are less than 1 ppb and less than 7 ppb, respectively.  As and Sb 
concentrations in the plant parts decrease in the following order: roots > stem >= leaves 
for both short and long-term experiments. In the long-term experiments, the As and Sb 
concentrations in the plant parts are higher when amended with the trivalent species 
(As(III) > As(V) and Sb(III) > Sb(V)). When comparing the concentration of As and Sb in 
the plant parts, higher As concentrations were observed in the roots, stems, and leaves 
when the nutrient solutions are amended with the trivalent species while, when 
amended with the pentavalent species, concentrations of As and Sb in the plant parts 
are similar. However, in the sap, the concentration of Sb is higher than those of As either 
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term and long-term experiments. In the short-term experiment with trivalent species, As  
concentrations in the roots and stems are significantly higher than those of Sb, but in the 
leaves, Sb concentrations are higher than those of As.    
The ratio of average metal concentration in plant biomass to that in the soil/solution is 
defined as the bioaccumulation factor (BCF) (BCF=Ave. metal conc in plant parts/ metal 
conc in soil or solution), and translocation factor (TF),  is the ratio of metal concentration 
in aerial parts at different treatments (TF 1=conc stems/conc roots)(Raskin et al., 1994; 
Wan et al., 2013; Takarina and Pin, 2017) or from shoot to the leaves ((TF 2=conc 




Figure 2. 13. As and Sb concentration of cucumber plants: (top) short-term (2 days) with 3 treatments; 
(a) control, (b) As(III) (c) Sb(III) and  long-term (38 days),  with 5 treatments; (a) control, (b) As(III) (c) 
Sb(III) (d) As(V) and (e) Sb(V) . Data presented are means ± SD (n=4), Y-axis are in different scales for 
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  a BCF = Ave. metal conc in plant (roots + stems + leaves) / soil or solution) 
    b TF 1 = metal conc  in stems/metal conc in roots 
    c TF 2 = metal conc  in leaves/metal conc in stems 
 
Overall, the translocation factors between roots and stems (column TF 1, Table 2.3) are 
all below 1. In TF1, the highest is 0.59 for long-term treatment, and the lowest is 0.25 for 
the short-term for the As(III) treatment (Table 2.3). It can be observed that the 
translocation factor for As and Sb treatments are generally higher in the long-term 
compared to the short-term (TF long > TF short) both for shoot/roots and leaves/stems. 
In the short-term experiments, TF 1 for the Sb(III) amendment is 0.31, slightly higher than 
that for As (0.25). The opposite is seen in the long-term experiment; for the III species, 
the TF values of As is higher than Sb, but for V, As and Sb translocation factors are almost 
equal. Comparing the two metalloids, the III species are higher than V species, for both 
metalloids (TF  As(III) > Sb(III) > As(V) = Sb(V)). The BCF ranges from 0.05 for ST Sb(III) up 
to 0.44 for LT As(III). The BCF for the trivalent species both for As and Sb are higher than 
the pentavalent both for the short and long-term experiments. 
Duration Metalloid BCFa TF 1b  TF 2c  
Short-Term As(III) 0.09 0.25 0.40 
 Sb(III) 0.05 0.31 0.18 
     
Long-Term As(III) 0.44 0.59 0.41 
 As(V) 0.10 0.28 0.15 
 Sb(III) 0.24 0.44 0.31 
 Sb(V) 0.11 0.30 0.14 





The micro and macronutrients are presented in Figures 2.15 and 2.16, respectively, as a 
function of (1) duration: short and long-term; and (2) metalloid species exposure ((III) 
and (V)). These nutrients were analysed together with the Sb and As an analysis by ICP-
MS of the digested plant samples. Control plants have nutrient content lower than the  
exposed to metalloids based on the results. Short-term exposure to metalloids shows 
 
 
Figure 2. 14. Micronutrients composition of whole cucumber plants among: (top) short-term (2 days) 
with 3 treatments; (a) control, (b) As(III) (c) Sb(III) and  (bottom) long-term (38 days),  with 5 
treatments; (a) control, (b) As(III) (c) Sb(III) (d) As(V) and (e) Sb(V) . Data presented are means ± SD 
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much lower concentrations of a nutrient than exposure to the metalloids in the long-





Figure 2. 15. Macronutrients composition of whole cucumber plants among: (top) short-term (2 days) 
with 3 treatments; (a) control, (b) As(III) (c) Sb(III) and  (bottom) long-term (38 days), with 5 
treatments; (a) control, (b) As(III) (c) Sb(III) (d) As(V) and (e) Sb(V) . Data presented are means ± SD 

























































2.4.3 Pearson correlation and principal component analysis (PCA) 
In general, absorption of As, Sb, and micro and macronutrients were higher in long-term 
exposure than the short-term. To observe the changes of the micro (Ni, Cu, Zn, and Mn) 
and macronutrients (Ca and Mg) as a function of Sb and As stress in the cucumber plant, 
a Pearson product correlation coefficient was computed. The interaction of Sb (III) and 
(V) with micronutrients Ni, Cu, Zn, and Mn has a statistically significant linear positive 
relationship with Sb (p < 0.001), meaning that higher Sb concentration is associated with 
higher micronutrients concentrations (Ni, Cu, Zn, and Mn). In terms of the effect of Sb 
on macronutrients, Mg has a statistically linear relationship with Sb (p < .001), and the 
direction is negative (the lower Mg concentration is associated with higher Sb 
concentration). Ca is positively correlated with Sb but not statistically significant at p < 
0.05.  
On the other hand, micronutrients Ni, Cu, and Mn have a statistically significant positive 
linear relationship with As (p < 0.001) and so is Zn but to a less significance (p < 0.05), 
meaning that higher As concentration is associated with higher micronutrients 
concentrations (Ni, Cu, Zn, and Mn). Mg has a statistically linear relationship with As (p < 
0.05), and the direction is negative (the lower Mg concentration is associated with higher 
As concentration). Both Ca, and Fe are positively correlated with As, however not 
statistically significant at p < 0.05. 
For the Sb correlations with micronutrients (i.e. Ni, Cu and Zn) among such significant 
positive correlations, Sb and Cu (r = 0.617), Sb and Zn (r = 0.603), and Sb and Ni (r = 0.354) 




micronutrients, a mild positive correlation was observed, As with Ni (r=0.395), Cu 
(r=0.273), Zn (r=0.227), and Mn (0.272), all significant at p < 0.001). In terms of 
macronutrients, As has a negative correlation with Ca and Mg.  
Moreover, PCA analyses were done to further explain the correlation. The PCA analysis 
for the long-term experiment yielded three significant components with eigenvalues 
higher than 1.00, accounting for a total of 87.93 % of the data variation (Table 2.4). The 
first principal component (PC1), which contained 60.45% of the calculated variance, 
showed a strongly positive load for Ni, Cu, Pb, Mn, Ca and As but moderately for Zn. 
Moreover, PC1 showed a moderately negative load for Mg. 
 
Heavymetals PC1 PC2 PC3 
Ni 0.985 - - 
Cu 0.980 - - 




Mn 0.937 - - 
Fe - - -0.835 
Mg -0.483 -0.462 0.546 
Ca 0.887 - - 
Sb - 0.938 - 
As 0.868 - - 
Proportion of variances (%) 60.45 15.94 11.54 
Cumulative proportion of variances (%) 60.45 76.39 87.93 
Note: factor loadings < than 0.4 removed, extraction method: PCA, rotation method: Varimax and Kaiser normalization 
 
On the other hand, the PCA analysis for the short-term experiment yielded three 
significant components with eigenvalues higher than 1.00, accounting for a total of 71.82 
% of the data variation (Table 2.5). The first principal component (PC1), which contained 
37.26% of the calculated variance, showed a strongly positive load for Ni, Cu, Pb, Mn, Ca 
and As but moderately for Zn. Moreover, PC1 showed a moderately negative load for 




Mg. Both the long term and short term have a positive load for Ni, Cu, Pb, Mn, Ca, and 
As. The only difference is that there was a positive load for Zn and the negative load for 
Mg in the short-term experiment. 
 
Heavy metals PC1 PC2 PC3 
Ni 0.848 - - 
Cu 0.949 - - 
Zn - 0.829 - 
Pb 0.656 0.618 - 
Mn 0.701 - - 
Fe - - - 
Mg - - 0.471 
Ca 0.774 - 0.487 
Sb  -0.464 -0.667 
As 0.426 -0.480 -0.420 
Proportion of variances (%) 37.26 19.05 15.51 
Cumulative proportion of variances (%) 37.26 56.31 71.82 
Note: factor loadings < than 0.4 removed, extraction method: PCA, rotation method: Varimax and Kaiser normalization 
 
Plant physiological parameters were significantly affected by the presence of Sb and As 
((III) or (V)) in the nutrient solution (100 ppb). Based on the correlation results and the 
PCA analysis, when a plant is exposed to metalloids like As or Sb (III or V), plant reacted 
by uploading or downloading of the micronutrients needed to suppress the toxic effects 











2.5 Discussions and Conclusions 
High metal(loids) concentrations (i.e., Sb and As) in soils, vegetables, and crops can cause 
a potential health risk. However, the effect of Sb on the growth and response of crops is 
not well known, and to date, there is still no Sb limit or standard. Most of the studies 
available in the literature studied the metal uptake in plants using high concentration 
levels (or many times higher levels found in contaminated groundwater). There is still a 
significant gap in Sb toxicity, translocation, and speciation in plants. It is crucial to better 
understand exposure duration and different metalloid As and Sb species on crops as part 
of food safety. The study may have practical importance to areas were As, and Sb 
contamination exceeds the recommended Sb and As levels by the EU for drinking water 
(and WHO)  5 and 10 ug/mL (Materials, 1989; WHO, 2003a; FAO and WHO, 2019) 
The hypothesis for this research is that: (1) cucumber plant reacts more negatively to the 
(III) species for both Sb and As compared to the (V) species, (2) the longer the 
amendment, the more accumulation of the metalloids in the cucumber plants and (3) 
micro and macronutrients in the plants will vary as plant defense in counteracting As and 
Sb translocation in plants. 
The effect of Sb and As in terms of plant physiology, uptake, translocation, and the 
changes of the micro and macronutrients in the plant under Sb and As stress were 
investigated. This chapter aimed to explore the effect of Sb and As on the cucumber 
(Cucumis Sativa L.) in a hydroponic experiment.  
Hydroponics is a subset of hydroculture, used to grow plants without soil using nutrient 




experiments because of the advantage of designing and controlling what is in the 
nutrient solution. Furthermore, reliable morphological and chemical analysis of roots 
and other parts of the plants' translocation studies are possible using hydroponic 
experiments. The cucumber was chosen because of the large amount of xylem sap 
collected. Xylem sap investigation has a pivot role in the nutrient and toxic elements 
transportation from the roots to stems and has the advantage of minimal preparation 
(Clark et al., 1973; Biles and Abeles, 1991; Tatár et al., 1998; Schurr, 1999). According to 
Küpper and Andresen (2016) most of the published studies were performed under an 
artificially high metal concentration since this never occurs even in highly polluted sites, 
and the exposure time of the toxic metal is too short to see the long-term effect. The 
chosen concentration of 100 ppb (ug L-1) for As and Sb concentration was based on the 
studies of Mihucz et al. (2005) and Varsányi et al. (1991). Long-term exposure (38 d) of 
the metalloids was incorporated with the short-term exposure (2 d) to quantify the effect 
of more prolonged exposure, as mentioned earlier. Plant growth aimed to explore the 
physiological effect of the treatments composed of leaf area, plant height, number of 
leaves, biomass, root mass (dry and fresh wet), number of flowers, and chlorophyll.  
The physiological experiments revealed that, in general, there was a significant reduction 
of the parameters mentioned above (i.e., plant height, number of leaves) compared to 
the cucumber plant without metalloid amendments both in the short and long 
experiments.  In this study, even a small amount of Sb or As has been allowed to expose 
to the plants, and these detrimental effects can still be seen in the plant growth. This 
means that there is a considerable reduction of growth in the plants that are exposed to 




visually healthy and showed the highest plant growth parameters compared to the 
plants with the As and Sb amendment for all treatments.  
Plant growth analyses were used to observe the physiological effects of As and Sb 
amendments and exposure duration and the species used for both metalloids (III) and 
(V) species on cucumber plants. According to Hunt et al. (2002), plant growth 
experiments offer an integrative approach to interpret plant physiological functions 
when the plant is under stress compared to a control. It uses primary data (i.e., weights, 
volume, areas) of the plants' contents for investigating processes within the whole plant 
exposed to individual variables or stimuli.  
According to Emamverdian et al. (2015), bioaccumulation of heavy metal in the plant 
interacts with the cellular biomolecules such as DNA and nuclear proteins in the plants 
leading to an excessive increase of the reactive oxygen species (ROS). This has serious 
adverse effects on the plant, such as morphological, metabolic, and physiological 
irregularities in the plant from chlorosis of stem to lipid peroxidation and protein 
degradation (Garg and Singla, 2011; Bielen et al., 2013; Kumar et al., 2015; Ghori et al., 
2019). Essential nutrients (i.e., micro and macro) play a vital role in plant metabolism and 
structure. However, the concentration of both the essential and non-essential metals is 
an important factor in the plant's growth processes, can reduce and inhibit plant growth 
(Zengin and Munzuroglu, 2005). Heavy metals at a toxic level in plants inhibit the plant's 
normal processes such as disturbance or displacement of building blocks of protein 
structure by bonding with sulfhydryl groups (Hall, 2002), deterring functional groups of 
important cellular molecules (Hossain et al., 2012), disrupting the functions of essential 




affecting cytoplasmic membrane integrity (Ali et al., 2013). This results in the suppression 
of vital plant's processes such as photosynthesis, respiration, metabolic, and enzymatic 
processes (Hossain et al., 2012). Because high levels of HM are associated with reactive 
oxygen species (ROS), (i.e., superoxide free radicals (O2•--), hydroxyl free radicals (OH•--), 
or non-free radical species (singlet oxygen, O2*), hydrogen peroxide (H2O2) and cytotoxic 
compounds (methylglyoxal (MG)), cause oxidative stress in plant cells via disturbing the 
equilibrium between prooxidant and antioxidant homeostasis (Hall, 2002; Zengin and 
Munzuroglu, 2005; Hossain et al., 2012).  According to  Clarkson, (1996), xylem sap is 
mainly an aqueous solution composed of millimolar concentrations of Ca, Mg, K, nitrate, 
phosphates, amino and carboxylic acids. Furthermore, small molecules like amino acids 
(Oda et al., 2005), carboxylic acids, and organic acids (Mihucz et al., 1998) are the 
principal metal-binding ligands in xylem sap in plants (Clarkson, 1996; Correia et al., 
2006; Satoh, 2006). 
Leaf area growth is an essential parameter in determining plant productivity. It also 
determines light interception in plants (Koester et al., 2014). Leaf area was also 
negatively affected by heavy metal treatment. In the study of bean plants, there is a 
significant negative effect of As its growth, including leaf area (Stoeva et al., 2005). After 
exposing the plant to As or Sb, chlorophyll reductions were also observed in maize plants 
studied by Rosas-Castor et al. (2014). Chlorophyll count was used to monitor plants' 
physiological stress status under abiotic stress (Kalaji et al., 2016). Moles et al. (2009) 
found that plant height is strongly correlated with life span, seed mass, and time to 
maturity. It is one of the central plant ecological strategies and a significant determinant 




negatively affected by As in water lettuce (P. Stratiotes) (Farnese et al., 2014). 
Furthermore, it is also related to carbon storage capacity and critical ecosystem 
variables.  
Depending on plant species, As (Sb or other metals), tolerance may result from either 
exclusion or accumulation (Zhang et al., 2002). The exclusion strategy is the restriction 
of As transport from roots to stems or As uptake avoidance (Dushenkov, 2003). As the 
name implies, the accumulation strategy involves accumulation or concentration of As 
in plant tissues. To determine this, a bioaccumulation factor was used to calculate the 
content of heavy metals in plants (i.e., stem, leaves) divided by heavy metals in 
sediments or solution (Carolyn et al., 2014; Zhou et al., 2018). The Sb and As 
concentration are highest in roots, followed by stems and leaves. These results are 
similar to Uroic (PhD thesis, 2011) that roots may release ligands, which might complex 
arsenite or arsenate. This may explain the higher concentrations in the cucumber roots 
than stems and leaves. 
Furthermore, in the same study done by Uroic (2011), the release of ligands in roots to 
complex As can be another detoxification strategy of plants. Once the As was complexed 
by ligands (i.e., phytochelatin, PC), PC-As is not available in a form to be taken up by 
aquaporin channels, which is the proposed of entry into roots. PC are low molecular 
weight (l.m.w) and glutathione-derived peptide and can be found in root cells (Pickering 
et al., 2000; Raab, Meharg, et al., 2004; Raab et al., 2005). Up to know, only PC-As 
complexation is the only mechanism known and responsible for the inorganic As (or Sb) 
translocation from roots to stems and even in fungi and other organisms (Cai et al., 2004; 




Based on this study's results, there are correlations between metals (i.e., micro and 
macronutrients) in the plants as a function of As or Sb treatments. The interaction of 
nutrients was also observed by Farnese et al., (2014), where Pistia stratiotes were 
exposed to different As concentrations, and the influence of this metalloid on growth, 
mineral nutrition and photosynthesis were analysed. There was an increase in the Cu, 
Mn, Fe, and P uptake until the As concentration reached 13 uM, and decreased in higher 
concentrations. The Mg decreased in the same concentration, but no effects in the 
uptake of K, Ca, and Zn was observed.  
The change in nutrients uptake and maintenance of growth in the P. Stratiotes indicates 
the resistance of the plant to the pollutant by an increase in antioxidant capacity of the 
plant even the As concentrations are up to one hundred times greater than the 
permissible limit, making it an efficient phytoremediator of As (Farnese et al., 2014). 
Plants require 14 essential elements, both macro, and micronutrients, for successful 
growth, development (i.e., vegetative and reproductive) (Samota et al., 2017). These are 
obtained from the soil, absorbed through the roots, and absorbed and distributed within 
various parts of the plants (Frantz and Epstein, 2005; Tsukagoshi and Shinohara, 2015; 
Samota et al., 2017). Macronutrients (i.e., nitrogen (N), potassium (K), phosphorus (P), 
calcium (Ca), magnesium (Mg), and sulfur (S)) are generally found in plants in 
concentrations higher than 0.1% of dry weight. 
There is a link between plant defence mechanism and heavy-metal chelators such as 
phytochelatin (PC) or metallothioneins (MT), however, there is no clear evidence yet on 
how they act either synergistically or antagonistically concerning plant antioxidant 




contamination, accordingly, depending on how they respond upon absorption and 
translocation. Plants can be classified as (a) accumulators when a plant can accumulate 
metals in above-ground parts regardless of soil concentration; (b) indicators, when 
uptake and transport increase as a function of soil content; or (c) excluders when plant 
maintain the elemental concentration in the shoot constantly over a wide range of soil-
metal contents (Baker, 1981; Sabir et al., 2015; Shahid et al., 2015; Takarina and Pin, 
2017). Hyperaccumulator plants can be used in phytoremediation strategies to uptake 
toxic metals' contaminated soil. It may also be used as a geobotanical indicator of 
mineral deposits (Massoura et al., 2004). Based on the results of this study, cucumber 
plants’ translocation factor and bioconcentration factor for As(III)/As(V) and Sb(III)/Sb(V) 
were all less than 1, indicating that neither it is hyperaccumulator nor excluder. This is 
the reason why the cucumber plant was chosen as a model plant for this study to observe 
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The increased use of metalloid arsenic (As) and antimony (Sb) has led to many 
environmental soils and groundwater contamination problems, and understanding their 
biogeochemical cycling is of prime importance to predicting potential contamination 
issues. Antimony and arsenic impact on the xylem sap and its effect on plant growth in 
vivo has not been reported in detail.  
As part of food safety, it is vital to study the transportation of nutrients in plants for 
human and animal consumption (Meharg, 2004). Moreover, the transportation of the 
toxic elements is necessary, like Sb, As to name a few. Their presence in low 
concentration is often not manifested by the plant; therefore, the study of nutrients and 
toxic elements in the plant is crucial in food safety. There are several ways of determining 
the total concentration of heavy metal(loid) in plant parts. One of them is  ICP-MS 
analysis by dividing the plant into its parts (i.e., roots, stems, leaves, flowers, and fruits) 
separately by acid digestion (Jamila et al., 2016; Emamverdian and Ding, 2017; Hua et 
al., 2020).  
Sample preparation innovations result from advances and new insights in separation 
mechanisms and processes. Recent advancements resulted in a more selective, efficient, 
and environmentally friendly procedure. Microdialysis (MD) is a passive technique that 
was initially used in biomedical research, and it was used in monitoring the chemistry of 
the extracellular space in living tissue (Lydic et al., 2018). It mimics the blood capillary to 
preview what is happening inside the tissues (Buckley et al., 2016; Lydic et al., 2018). MD 




tube and exits to the distal ends, and then enters the space between the inner and outer 
dialysis membrane (Torto et al., 2001; Li and Cui, 2008a; Timofeev and Hutchinson, 
2008b).  MD is used for monitoring in the medical field (Li and Cui, 2008). It was used 
predominantly in laboratory research in the 1970s but was applied in the clinical area 
since the 1990s, specifically in neurointensive care chemistry (Timofeev and Hutchinson, 
2008a). Most of the applications are in the biomedical fields, pharmaceutical, 
pharmacogenetics, and tissue engineering, to name a few (Elmquist and Sawchuk, 1997; 
Li and Cui, 2008; Lydic et al., 2018).  
MD is an emerging sensitive tool in environmental sciences because of such 
opportunities by the technique and the advantage of sampling with minimal disturbance 
in soil environments(Buckley et al., 2020). Inselsbacher et al. (2011) used MD as a 
potential tool for monitoring organic and inorganic nitrogen compounds in the soil. 
Microdialysis for Ni and Cu's determination in plant suspension made from Blepharis 
Aspera obtained from a Cu and Ni mineralised site was reported 2007 (Mosetlha et al., 
2007). Brackin et al. (2016) developed a new technology using MD for investigating soil 
nitrogen fluxes in the rhizosphere. The advantages of MD include small sampling 
disturbances making it less destructive/invasive (since inserting the small tube is 
needed), time efficiency, real-time sampling, high-throughput and efficient collection of 
dialysate from passive diffusion of solutes across a semi-permeable membrane to be 
collected over time for nutrient flux dynamic studies (Chaurasia et al., 2007; Timofeev 
and Hutchinson, 2008b; Zhou et al., 2008; Pretti et al., 2014; Brackin et al., 2016; Lydic 
et al., 2018a). The MD is becoming popular because of the many drawbacks of 




degradation or transformation through slow sampling time, and laborious sample clean-
up (Miró et al., 2010; Rousk and Jones, 2010; Inselsbacher, 2014). 
Appropriate sampling methods are crucial for studying the dynamic variations of xylem 
sap composition and nutrient fluxes. Currently available techniques have been reviewed 
by Schurr (1998) and were mainly interested in the nutrient dynamics under natural 
conditions. The essential requirement is not to interfere with the forces and processes 
that govern nutrient fluxes in intact plants. Conventional techniques like root pressure 
exudation and the Scholander bomb method include action destructive to the plant, low-
throughput, and thus contain the risk of massive interference with the relevant 
processes determining nutrient fluxes in intact plants. The conventional techniques 
mentioned provide useful information, but one must always keep in mind their 
limitations, and calculations of ion balances based on these are questionable (Schurr, 
1999). MD analysis is one way of monitoring biochemical responses to intrinsic and 
extrinsic factors or stimuli with minimal effects from experimental factors that may 
change the organism’s physiology (Samarah et al., 2020). 
Metalloids Sb and As are carcinogenic elements, well-known for acute poisoning effect 
and insidious toxic effect if consumed over long periods. As and Sb groundwater, 
contamination is a worldwide problem affecting millions of people through drinking 
water. Understanding how arsenic is transported through the environment e.g., from 







3.2 Aims and Objectives 
This chapter presents MD as a novel technique of xylem sap sampling on cucumber plant 
Cucumis sativus L.  To examine Sb and As uptake and translocation in plants and 
understand where inorganic metalloids (Sb and As) are ending up and how they are being 
transported. An application could be hi-throughput monitoring of metalloids 
concentration and speciation in the nutrient solution overtime during the treatment. 
Another application could be monitoring Sb and As in xylem sap of plants by inserting a 
microdialysis tube into the xylem vessel. This method would have the advantage that no 
sample preparation is necessary, less invasive to the plant, and the risk of sample 
alteration. 
• The first part of this study will present hydroponic experiments with different levels 
of As(III) or Sb(III) to quantify the effects of arsenic (As) and antimony (Sb) stress on 
the growth of cucumber. The differences with chapter 2 are: the concentration is 
much higher (in ppm levels), the effect of plant age, and only (III) species (both for 
Sb and As) were used in this experiment to quantify the maximum effect using the 
proposed sampling method, 
• The effect of plant age and the effect of varying concentration of metalloids on the 
micro- and macro-nutrient consumption of the plant are reported together with 
selected plant growth experiments (i.e., leaf count, plant height, and biomass),  
• To evaluate the potential applicability of the microdialysis sampling technique in 




As uptake and translocation were investigated here along with the more traditional 





3.4 Materials and Methods 
3.4.1 Chemicals 
Arsenite (As2O3) and antimonite were purchased from Sigma-Aldrich UK. Hoagland’s 
nutrient solution with MQ water. Chemicals were at least of analytical grade (KNO3, Ca 
(NO3)2 · 4 H2O, MgSO4, NH4NO3, KH2PO4, FeSO4·7 H2O, MnCl2 · 4 H2O, Na2B4O7 · 10 H2O, 
ZnSO4 · 7 H2O, CuSO4 · 3 H2O, Na2MoO4 ·2 H2O (Sigma Aldrich, Singapore)). The set-up for 
this experiment, compared to Chapter 2, was different. Plants were planted in the 
hydroponic solution in separate High-Density Polyethylene (HDPE) plastic. A 250-mL 
HDPE container was used for all hydroponic experiments. Aluminium foil was used to 
cover the container to prevent algae formation, a small piece of disinfected dishwashing 
foam inside the small hole was used to hold the cucumber plants in the container, 
cucumber seeds bought from Taiwan. Seedling tray and vermiculite were used to grow 
cucumber plants until the 2-leaf stage. 
3.4.2 Modified Hoagland’s nutrient Solution  
The modified Hoagland nutrient solution was prepared, as described in Chapter 2, 
section 2.3.2.  
3.4.3 Plant growth 
3.4.3.1 Seed germination and transplantation 
Cucumber seeds Cucumis sativus L. bought from a local market in Hsinchu town were 




seeds were folded into the towel with warm water in a plastic bag or box to prevent 
evaporation. The towel temperature was kept above 21 °C (13-35°C). The seeds were 
checked at least once daily. Seeds with developed roots were transplanted   Vermiculite® 
watered once a day and covered with a black plastic bag. After the seeds sprouted, they 
were uncovered and a 12 h on/12 h off light regime at 21-24 ° C. The germinated seeds 
were transferred until their two-leaf stage, which took approximately two weeks 
depending on the environment. The two-leaf stage plants were thoroughly washed and 
transferred to a hydroponic set-up (Figure 3.1) with 200 mL Hoagland solution (described 
in the next section) at pH 6.5. 
Figure 3.1 shows a diagram of an individual cucumber plant grown hydroponically. The 
set-up consists of a 250-mL HDPE container covered with aluminium foil to prevent algae 
growth by preventing light from entering. Into each lid, a small Styrofoam with a centre 
hole was fitted. Into the hole, a dishwashing foam was fitted to hold the cucumber plant. 
One container represents one experimental set-up.  
 
Figure 3. 1.Diagram of a hydroponic plant set-up 
250 mL HDPE covered with 
aluminum foil 
Styrofoam cover with 
dishwashing foam to hold the 
plant 





The two-leaf cucumber plants were transferred into 250-mL pots containing hydroponic 
nutrient solution. All plants were grown in an improvised plant growth set-up in BMES 
(Biomedical Engineering and Environmental Sciences, NTHU) Building at adjusted 
temperature (27 ± 1 °C). The hydroponic experiment was conducted with a 26-29 °C 
room temperature and average humidity of 85%. Artificial LED light (Everlight, Taiwan) 
with a timer plug was used to ensure a 14/10 h light/dark regime. For the first week, half 
strength nutrient solution only was supplied. For the rest of the time, full strength 
nutrient solution was used. The solution was replenished every two days (+/- 1 day) for 
all the plants before the amendment. The water level, pH, and temperature were also 
constantly checked for each nutrient solution in every container. Two different 
experiments were conducted for As(III) and Sb(III). Plant parts and xylem sap were used 
for Sb and determination after a 7-day exposure.  
3.4.4 Hydroponic experiments 
3.4.4.1 Plant set-up 
Figure 3.2 shows three sets of plants were grown for 15 ± 1 days (2-3 leaf stage) with 
three plants per condition (amended for 7 days). Each set was grown in three separate 
batches for two stages of the plant (26 and 35 (days after transplanting)). 
a) First set plants each box was challenged with no arsenic/antimony (12 plants) 
b) The second set of plants each was challenged with 1 mg/L As(III)  or 1 mg/L Sb(III) (16 




c) The third set of plants each 5 mg/kg As(III) or 5 mg/kg Sb(III) (16 plants in total) for 7 
days. (12 plants) In total, 36 plants were used. 
 
3.4.4.2 Amendment with As and Sb 
All nutrient solution for the amendment was replenished with only 100 ppb phosphate 
solution 1 day before the amendment schedule instead of the standard concentration as 
described in section 3.3.3.2. 
3.4.5 Plant Sampling and plant growth parameters 
Cucumber plants were harvested 6-7 days after the As/Sb amendments per replicate and 
per plant growth stage/age. During the harvest, all plants per box (both sets) were 
separated into roots and above solution parts (stems, leaves), washed several times with 
distilled water. The hydroponic solutions before and after were also collected for further 
analysis. The washed plants were dried with a paper towel, weighed, and were oven-
dried at 60°C in pre-weighed brown envelops until constant weight. All dried plant parts 
 







were weighed again, were ground, and kept for digestion and further analysis with ICP-
MS. 
3.4.5.1 Biomass  
Fresh and dry weight biomass was measured per treatment. The plants were divided into 
roots, stems, and leaves. Plant parts were washed with tap and followed by distilled 
water and dried using a paper towel, and put in pre-weighed brown paper envelopes. 
Fresh weights were measured before oven drying at 60°C overnight. The plants were 
allowed to cool in a dry environment before weighing the dry weights and measure the 
moisture content. 
3.4.5.2 Plant Height 
Each cucumber plant's plant height was measured with a ruler from the bottom of the 
roots until the tip of the plant.  
3.4.5.3 Number of Leaves 
Leaves were counted per plant for each trial and the average recorded per plant. 
3.4.6 Xylem sap sampling 
3.4.6.1 Root Exudation 
This technique is the simplest way to sample xylem sap, which does not require 
sophisticated instrumentation. In this technique, xylem sap was sampled using a 




collected after wiping the first few drops from the stem and was collected in a microtube 
for one hour (storage at -80°C until analysis) (Kehr and Rep, 2007; Netting et al., 2012).  
3.4.6.2 Microdialysis technique 
A new microdialysis technique (MD) was developed and performed to monitor metalloid 
uptake in cucumber plants. MD was performed using CMA-20 Elite MD probes (CMA 
Microdialysis AB, Sweden) with membrane length 10 mm, diameter 0.5 mm, and 







3.4.6.2.1  Automatic syringe pump  
MD using a portable automatic syringe pump with perfusion liquid was used in xylem sap 
sampling every 4 hours on the first day and every 8 hours on the following days until 7 
days (or until plants show any significant effect). The perfusion liquid used in the study 
is a Phosphate Buffer Saline (PBS) (UniRegion Bio-Tech Taiwan), at pH 6.5. The PBS 
solution has the following component: 2.7 mmol L-1 KCl; 1.47 mmol L-1 KH2PO4; 137 mmol 
L-1 NaCl; and 7.7 mmol L-1 NaH2PO4. The osmolality is 280-315 mOsm Kg-1, isotonic and 
Table 3. 1.CMA 20 elite microdialysis probe for implantation (a) diagram, (b) technical information 
(CMA, Sweden) 
a 




sterile. The PBS solution was chosen based on a simulation study done beforehand. The 
composition and pH (pH 6.5) and MQ water and PBS solution were used to clean and 
activate the membrane (Torto et al., 2001; Li and Cui, 2008; Sørensen et al., 2010). 
 
A needle placed in a plastic split tubing was used as the ‘introducer’ to implant the 
microdialysis probe. As shown in Figure 3.3a (CMA, Sweden), the introducer was inserted 
into the split tubing (1), the needle was removed (2), the microdialysis probe was pushed 
forwards through the split tubing (3), the tubing was carefully removed (4), leaving the 














Figure 3. 3. Set-up for the microdialysis sampling and analysis of Cucumis Sativa L. 
Inductively Coupled Plasma-Mass Spectrometer 
(ICP-MS) 
Hoagland solution 








Scientific Ltd., Taiwan), equipped with two 10-mL glass micro syringes (Thermo Fischer) 
at a flow rate of 1 mL min-1 were used to administer perfusion solution (PBS, pH 6.5) 
using the syringe connected to the inlet via polyethylene tubing and handled collected 
fractions. MD fractions were collected from the outlet in HDPE microtube vials (500 uL), 
undiluted, and stored at 0°C until ICP-MS analysis. MD set-up was cleaned with MQ water 
in between sampling (after one week of use). 
3.4.6.2.2  Syringe pump calibration 
To check the syringe pump's performance, the gravimetric calibration method was 
applied, which is considered by the National Metrology Institute for calibrating syringe 
pumps (Kisan et al., 2012). A sufficient amount of MQ water was allowed to pass the 
tubing to remove air bubbles. The flow to be calibrated together with the specific volume 
and syringe manufacturer is then programmed in the pump. The water delivered by the 
10 mL syringe pump being collected and weighed in a fixed amount of time at 3 different 
flowrates (3 replicates) using a modified covered microtube in analytical balance. The 
obtained weight from the microtube is plotted against the corresponding rate (µl min-1) 
for one minute (Fig. 3.4). Three solutions were tested to be used as perfusate for the 
microdialysis: Deionised water (DI), Phosphate buffer solution (PBS), and 0.95 % NaCl. 
The same procedure was applied using 0.95 NaCl solution and phosphate buffer solution 






3.4.7 High-pressure bomb acid digestion 
ICP-MS analysis of plant samples was adapted with modifications (Chang et al., 2009). 
Before analysis, digestion pre-treatment was performed using a high-pressure bomb 
system. Fig. 3.5 shows the order of the process. Approximately 50 mg of dried plant parts 
(roots, stem, and leaves) was weighed into Teflon centrifuge tubes; 3 mL of H202 and 5 
mL of HNO3 were added to each sample and digestion block capped stainless cylinder for 
acid digestion for 5 hours at 180 °C and cooled down overnight. After the cooldown, the 
digestate was transferred to a PTFE beaker, including all the washings from the Teflon  
 
Figure 3. 4. Schematic of the gravimetric calibration of the syringe pump 
 
Figure 3. 5. High-pressure bomb acid digestion Set-up (a) drying at 60 °C, (b) grinding, (c) Acid 
digestion, (d) evaporation, and (e) dilution. 





centrifuge tubes and heated gently (85–90 °C) on a hot plate to allow evaporation of 
residual acid in the solution until almost dry. The residue was diluted to 50 mL of MQ 
water for further ICP-MS analysis. 
3.4.8 Quantification of metals in the sap and plant parts  
Total arsenic and antimony analysis were performed using an ICP-MS (Agilent 
Technologies 7500A). Table 3.2 shows the operational conditions for the ICP-MS 
instruments. Plant roots, leaves, stem samples were subjected to ICP-MS analysis after 
the digestion procedure as described in section 2.3.8. Each batch was accompanied by a 
1 reagent blank, spike of a known standard concentration, and a certified reference 
material NIST-1568a rice flour (290 ng/g arsenic). Xylem sap and nutrient solution 
(before and after) were diluted and ICP-MS analysis for As, Sb, B, Mn, Ni, Cu, Zn, Ca, Mg, 
and Fe.  
  
Table 3. 2. Operation conditions for ICP-MS instrument used to quantify plants’s metal 
concentrations. 
ICP-MS (Agilent 7500A) 
RF power  1500 W 
Coolant  15 Ar L min-1 (plasma gas) 
Auxiliary 2 L min-1 
Carrier 1 L min-1 
Makeup 0.17 L min-1 
Sampling depth 10.6 mm 
Sampling cone Ni (1.1 mm) 
Isotopes B-11, Mg-24, K-39, Ca-43, mn-55, Ni-60, Cu-63, Zn-66, 
Mo-95, Sb-21, As-75 
 
3.4.9 Statistical Analyses 
Data were analysed using SPSS Statistics for MacOS, version 23 (IBM Corp., Armonk, NY, 




different treatments (control, As(III), Sb(III)) and plant stages (26 and 35 ) and its 
interaction effects (treatment*duration). A p-value of <0.05 denoted significance. The 
Tukey, Dunnett’s, and subsequent Pearson correlation coefficients were employed to 
compare significant difference (P <0.05) between treatment means. All data presented 




















3.5 Results  
3.5.1  Microdialysis Pump calibration and Recovery 
Three solutions were tested to be used as perfusate for the microdialysis: Deionised 
water (DI), Phosphate buffer solution (PBS), and 0.95 % NaCl (Pretti et al., 2014). Based 
on the recovery and simulation tests, PBS performed better among the test perfusate 
solutions with a 92.6% recovery compared to 79.0 % and 77 % for DI and 0.96% NaCl, 
respectively. Three replicates were performed using PBS at four different flow rates (1, 
5, 10, and 20 µl min-1) using a 10 mL glass syringe for 1 minute. The calibration results 
have excellent repeatability with uncertainties of less than 0.2 %. The flow stabilises after 
15 minutes of testing (Figure 3.6). 
 
3.5.2 Quality control 
The certified reference material used in this study was an ICP Multi-element standard 
XV(III) (with 16 elements in dilute nitric acid) Certipur® (Sigma Aldrich Singapore) and 
Figure 3. 6. Gravimetric calibration of a syringe pump (average of 3 replicates) to ensure the correct 




SRM 1568a (rice flour).  The calibration results and the recovery of some elements of the 
SRM 1568a Rice flour are shown in Figure 3.7 and Table 3.4, respectively.  
 
 
Figure 3. 7. Selected ICP-MS calibration results and instrument LOD of ICP Multi-element standard 





Table 3. 3. ICP-MS results of the Certified Reference Material (SRM 1568a Rice flour). 
Element Average Conc*, ug Kg-1 Stdev* RSD Recovery, % 
Mg 0.04371 0.004 9.22 94 
Ca 0.01484 0.000 1.43 99 
Mn 24.37 0.582 2.39 97 
Fe 6.456 0.298 4.62 105 
Zn 16.20 1.072 6.62 101 
As 0.2694 0.001 0.44 112 
 * Sample size of 5 
3.5.3 Plant Growth Analysis 
Preliminary studies were done using 5 different plant stages of the cucumber plant to 
know the effect of putting MD in the plants. The following stages are 26, 35, 43, 54, and 
63 days after transplanting (dat). Based on the preliminary results, the first two stages 
(26 and 35 dat) were chosen to see the early effects of the As/Sb treatment using the 
MD technique. Symptoms of As and Sb phytotoxic effect on plants were observed during 
the experiment already at the 5 mg L-1 amendments (and 10 mg L-1 during the initial 
study) compared to the control plants (0 mg L-1 As/Sb). In terms of the plant stages, 26 
dat plants showed phytotoxic effects earlier (2 days after amendment) compared to 35 
dat plants (4-5 days after amendment). As and Sb effects on plants are browning of 
leaves resulting in leaves drying. In terms of roots, there is a significant reduction in root 
mass, blackening in colour, and inhibition of growth. With increasing As and Sb 
concentration, the symptoms mentioned above were intensifying. The symptoms for Sb 
are slightly more pronounced visually (e.g., the browning of leaves). The morphology of 
the plant changed (i.e. plant height, number of leaves), and the effect is more evident at 





The experiment is composed of 2 stages: 26 and 35 days after transplanting (dat) with 3 
concentration treatments: (a) control (0 ppm), (b) 1 ppm and (c) 5 ppm As(III) or Sb(III). 
3.5.3.1 Number of Leaves 
From the number of leaves results (Figure 3.9), there were statistically significant 
differences between different concentration F(2,24)=33.19, p=0.0005, between plant 
stage F(1,24)=731.53, p=0.0005, and between metalloid treatment F(1,24)=22.78, 
p=0.0005. There were interaction effects between the two factors (concentration*stage 
and concentration*treatment) but no interaction effect between stage and treatment.  
 
Figure 3. 8. Effect of As(III) and Sb(III) amendment on the physiology of the 26 dat cucumber plant per 
set: (1) treatments; (a) control (0), (b) 1 ppm (c) 5 ppm (d) 10 ppm. 
Conc:  0          1          5       10 
ppm 






A Tukey post hoc test revealed that there were a significantly reduced number of leaves 
between cucumber plants subjected to As and Sb amendments compared to the control 
plants both for two plant stages. It appears that the As and Sb amendments significantly 
affected the number of leaves in the early-stage plant samples (26 dat) showed a visually 
lower leaf area compared to the older plant stage (35 dat). 
3.5.3.2 Plant height 
From the plant height results (Figure 3.10), there were statistically significant differences 
between different concentration F(2,24)=1448.44, p=0.0005, between plant stage 
F(1,24)=748.47, p=0.0005, and between metalloid treatment F(1,24)=76.98, p=0.0005. 
There were interaction effects between the two factors (concentration*stage and 























Concentration (ppm), Metalloid 
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Sb
Figure 3. 9. Effect of As(III) and Sb(III) amendment in the number of leaves per set: (1) 3 treatments; 





A Tukey post hoc test revealed that there was a significantly lower plant height between 
cucumber plants subjected to As and Sb amendments compared to the control plants. It 
appears that the As and Sb amendments significantly affected the plant height in the 
early stage plant samples (26 dat) showed a visually lower leaf area compared to the 
older plant stage (35 dat). 
3.5.3.3 Biomass 
From the biomass (dry) results (Figure 3.11), there were statistically significant 
differences between concentration F(2,72)=2562.43, p=0.0005, between plant stage 
F(1,72)=961.72, p=0.0005, between metalloid treatment F(1,72)=14.74, p=0.0005 and 
between plant parts F(2,72)=650.49, p=0.0005 . There were interaction effects between 
the two factors (concentration*stage and concentration*treatment) but no interaction 
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Plant height As
Sb
Figure 3. 10.  Effect of As(III) and Sb(III) amendment in the number of leaves per set: (1) 3 treatments; 






A Tukey post hoc test revealed that there was significantly lower biomass between 
cucumber plants subjected to As and Sb amendments compared to the control plants. It 
appears that the As and Sb amendments significantly affected the dry biomass in the 
early-stage plant samples (26 dat) showed a visually lower leaf area compared to the 
older plant stage (35 dat). Figure 3.12 shows the effect of As and Sb in cucumber’s dry 
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Sb
Figure 3. 11.  Effect of As(III) and Sb(III) amendment in the number of leaves per set: (1) 3 treatments; 






3.5.4 Sb and As uptake and translocation 
Figure 3.13 shows the Sb and As uptake and translocation in cucumber plants between 
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Concentration (ppm), Stage (dat)
Dry Weight - Effect of As in cucumber plants
Figure 3. 12. The level of Sb(III) (top) and As(III) (bottom) in roots, shoots and leaves of cucumber 
exposed to (1) 3 treatments; 0, 1 ppm 5 ppm, and (2) plant stage; 26 dat and 35 dat. Data presented 




can be seen that the highest concentration for both Sb and As is found in the roots, 
followed by the shoots and leaves.  
 
 
It is also the same pattern for both plant stages. For Sb(III), there were statistically 
significant differences between different concentrations F(1,144)=66.65, p=0.0005 and 
between plant parts F(2,144)=130.26, p=0.000, but no significant difference between 
plant stage. There were no interaction effects between the two factors 
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Stage (DAT) and Sb treatment (ppm)
Figure 3. 13. uptake and translocation of Sb(III) (top) and As(III) (bottom) in cucumber plants(1) 3 




there were statistically significant differences between different concentration 
F(1,144)=28.17, p=0.0005, between plant stage F(2,144)=55.33, p=0.0005 and between 
plant parts F(2,144)=33.08, p=0.000. There were no interaction effects between the two 
factors (concentration*stage and concentration*treatment).  
The translocation factor between shoot and roots was obtained as the ratio of the 
concentration in the shoot to the concentration found in the roots (Table 3.4). The same 
factor was calculated between leaves and shoots. It can be noted that the TF values for 
roots to shoots at one ppm, both for As and Sb, are always higher than at 5 ppm. For 
instance, for As treatments: TF of 26 dat plant exposed to 1 ppm is 20% higher than the 
5 ppm, and TF of 1 ppm is 60% higher than the 5 ppm in the 35 dat old plants. For Sb 







TF shoots/rootsa TF leaves/shootsb 
Sb(III) 
26 dat 1 0.30 0.32 
 5 0.25 0.65 
35 dat 1 0.56 0.19 
 5 0.35 0.34 
     
As(III) 
26 dat 1 0.55 0.17 
 5 0.38 0.27 
35 dat 1 0.64 0.63 
 5 0.60 0.72 
 
    a TF = metal conc in shoots/metal conc in roots 
    b TF = metal conc in leaves/metal conc in shoots 
 
Table 3. 4. Translocation Factors (shoots/roots, and leaves/shoots) for As and Sb in plants according 




The opposite was however observed in the TF from shoots to leaves: the TF values for 
plants exposed with 5 ppm (both 26 or 35 dat plants) are always higher than those for 
the plants exposed to 1 ppm.  
3.5.5 Sb and As uptake in xylem sap- Microdialysis 
Figure 3.14 compiled pictures of 26 dat old cucumber plants subjected to 0 (control), 1, 
and 5 ppm As(III) during 7 days. For each of those set-ups, the xylem sap of the cucumber 
plants was collected using the MD technique and analysed off-line for total As using ICP-
MS (Figure 3.15).  
The pictures shown in Fig. 3.14 were representative of the plants per selected sampling 
times throughout the one-week exposure experiments. Variations in terms of plant 
morphology were observed between the control and the plants subjected to 1 and 5 
ppm metalloids. Control plants look healthy, and no significant negative physiological 

















Cucumber plants subjected to 5 ppm looked less healthy compared to the plants with 1 
ppm, signifying that the health is inversely proportional to the concentration of 
metalloids. This indicates that the presence of metalloids in plants negatively affected 
the plant morphology.  
Figure 3. 14. Representative photos were taken at specific times to depict the physiological effect of 
As/Sb exposure (at the start of the experiment, intermediate, and end of the monitoring). Uptake of 
As(III) in the xylem sap of 26 dat cucumber for 7 days using in-vivo microdialysis set-up for 3 different 










Figure 3. 15. Concentrations of As(III) in the xylem sap of 26 dat cucumber for 7 days using in-vivo 
microdialysis set-up for 3 different treatments;(a) 0 ppm, (b) 1 ppm, and (c) 5 ppm. Sampling 
frequency is every four hours. 
The data were taken from ICP-MS results of the As analysis of xylem saps collected for 7 
days from a micro-dialysis set-up described in section 3.4.6.2.1. Xylem saps were 
sampled every 2 hours with 3 sets of cucumber subjected for 0 (Fig 3.14a), 1 (Fig 3.14a 
b), and 5 (Fig 3.14a c) ppm. It can be seen in Figure 3.15a that control plants without As 
do not show any As readings as expected for a control set. Fig 3.15b shows continuous 
readings of As around 4 ppb until a slight increase to 5 ppb around 112th sampling and 
a plateau until the end of the sampling period. Fig 3.15c has a different story where there 
was a spike increase after a 6 ppb As reading to 10 ppb and decrease to a steady 3-4 ppb 
and a slight increase until the end of the experiment. Figure 3.16 shows photos from the 







control plants without the metalloid is healthy compared to 1 and 5 ppm plants. The only 
difference is that the 35 dat plants receiving 1 pm As is healthier compared to the 26 dat 
plants receiving the same concentration. 
 
 
Figure 3.17 shows the 35 dat plant with 0, 1, and 5 ppm As. Fig 3.17a shows that control 
plants without As do not show any As readings as expected for a control set. Fig 3.15b 
shows continuous readings of As around 6 ppb and a slight increase at 48th hr sampling 
Figure 3. 16.  Representative images captured at specific times to depict physiological changes (at the 
start of the experiment, middle, and end of the monitoring) during the uptake of As(III) in the xylem 
sap of 35 dat cucumber for 7 days (0, 2, 5 and 7th day) using in-vivo microdialysis set-up for 3 different 
treatments; 0 ppm, 1 ppm, and 5 ppm 




time and a constant 6 ppb until the end of the sampling period. Fig 3.15c has a different 
story where there was a spike increase after the 12th hr sampling time from 0 to 100 
ppb until a constant of 80 ppb until 80 hr and a steady 3 ppb and a slight increase until 
the end of the experiment. Based on the plant pictures, it could be seen that at this 
time, the plant is already wilted and suffered irreversible damage because of the  5 
ppm As concentration. 
 
 
Figure 3. 17. Uptake of As(III) in the xylem sap of 35 dat cucumber for 7 days using in-vivo microdialysis 
set-up for 3 different treatments;(a) 0 ppm, (b) 1 ppm, and (c) 5 ppm. 
 
In comparison with the 26 and 35 dat plants in terms of 0 ppm As(III), both of the plant 
sets has similar results, no As has been detected in the xylem sap showing the control 
 
 
0 ppm As 
1 ppm As 




plant sets. In terms of the 26 and 35 data plants exposed to 1 ppm, they almost have the 
same linear pattern but the 35 data has a slightly higher consumption because of the 
higher requirement based on the higher plant mass based on age. In terms of the 5 ppm 
As(III) exposure of the 26 and 35 dat, the older plant (35 dat) showed significantly higher 
As(III) in the xylem sap (around 100 ppb around 12h sampling period) compared to a 
maximum of only 10 ppb showed in the xylem sap in the young plant (26 dat). The data 
showed that there is an effect of age of cucumber plant when exposed to 5 ppm. The 35 
data showed a continuous As concentration in the xylem sap of around 85 ppb until 88h 







Figure 3. 18. Representative images captured at specific times to depict physiological changes (at the 
start of the expt, middle and end of the monitoring) during the uptake of As(III) in the xylem sap of 
35 dat cucumber for 7 days using in-vivo microdialysis set-up for 3 different treatments;(a) 0 ppm, (b) 
1 ppm, and (c) 5 ppm,  
0 2 5 7 
0 2 5 7 





In terms of the Sb(III) exposure of the 2 cucumber plant age (26 and 35 data), like the 
data for the 0 ppm As (III), no Sb were detected in both plants. While there was no 
significant difference in the 26 and 35 data were exposed with 1 ppm As(III), the 35 dat 
showed a higher Sb(III) detection at the start of the experiment until the 16th sampling 
hour and a sharp decrease with a constant 5 ppb readings of Sb in the xylem sap, while 




Figure 3. 19.  Uptake of Sb(III) in the xylem sap of 26 dat cucumber for 7 days using in-vivo 







Figure 3. 20. Uptake of Sb(III) in the xylem sap of 35 dat cucumber for 7 days using in-vivo microdialysis 
set-up for 3 different treatments;(a) 0 ppm, (b) 1 ppm, and (c) 5 ppm. 
 
In terms of the 5 ppm Sb(III) exposure with 26 and 35 dat cucumber plants, there was a 
steady 5 ppb and an increase to approx. 15 ppb until 32nd sampling hour and a decrease 
from 15 to 3 ppb and become steady until the last hour sampling. On the other hand for 
the older 35 dat cucumber plants, exposed with 5 ppm Sb(III), there was a slight increase 
of Sb in the xylem sap after 12th hour sampling time, and climbing until 16th hour 
sampling and a slight decrease until the 104th sampling time and a plateau around 8 ppb. 
Exposure of the plants with 5 ppm As(III) and Sb(III)  showed detrimental effects 
regardless of the age of the cucumber plant when exposed to 5 ppm. Plant physiological 






3.6 Discussions and conclusions 
In this chapter, Cucumis Sativa L. was used as the model plant to define and test a new 
microdialysis technique for the detection and quantification of Sb and As in vivo in real-
time. The hydroponic experiment was composed of 2 plant stages (26 and 35 data), three 
treatment concentrations (0, 1, and 5 ppm), and two metalloids Sb and As (both (III) 
species).  
This study aimed to apply microdialysis in the monitoring of metalloids, specifically 
monitoring of Sb and As in the xylem sap of plants by inserting a microdialysis tube into 
the xylem vessel. This method would have the advantage that no sample preparation is 
necessary, less invasive to the plant, high-throughput sampling of xylem sap, and the risk 
of sample alteration would be minimised, which might result in an alteration of arsenic 
speciation.  
The preliminary morphological study of plant height, number of leaves, and biomass 
showed that there was a significant negative effect of As and Sb when exposed to the 
cucumber plant both for the young and older stage plants (P<0.05).  When plants were 
exposed to the presence of these 2 inorganic metalloids, there was a significant negative 
physiological effect on plant’s health (i.e., reduction in biomass, chlorophyll count, 
number of leaves) compared to a control (no metalloids). These observations were 
similar to the results in Chapter 2, where As and Sb significantly reduced plant health 
exposure in terms of morphology, in both short and long duration exposure experiments. 
According to a similar As study in cucumber plants by Uroic (2011), As was occurring as 




Liquid Chromatography) method. There were no methylated As species observed in the 
nutrient solution using anion exchange LC-ICP-MS, only As(III) (arsenite) and As(V) 
(arsenate) species. In a similar study done by Mihucz et al. (2005), As(III) is the 
predominant species in cucumber xylem sap regardless of the As treatment (As(III) > 
As(V) > DMA). There is only partial oxidation of (<10% in 2 days) As(III) to As(V) in the 
As(III) containing nutrient solution. 
Upon translocation to the shoot, As can severely inhibit plant growth by slowing or 
arresting expansion and biomass accumulation, as well as compromising plant 
reproductive capacity through losses fertility, yield, and fruit production (reviewed by 
(Garg and Singla, 2011). As interferes with critical metabolic processes, which can lead 
to death (Garg et al., 2015). Most plants possess mechanisms to retain much of their As 
burden in the root (Jentschke and Godbold, 2000; Hall, 2002; Nagajyoti et al., 2010; 
Shahid et al., 2015). However, a genotype-dependent proportion of the As is 
translocated to the shoot and other tissues of the plant. 
Several studies have used microdialysis as an emerging sensitive tool in environmental 
scientific studies. It has been used in different studies in soil N dynamics and root-soil B 
interactions (Humphrey et al., 2019), sampling of wastewater and soil solution in the 
laboratory and field settings including metal ions  (Torto et al., 2001, 2002),  saccharides 
(Torto et al., 2001), Cu and Ni in plants (Mosetlha et al., 2007), organic acids (Sulyok et 
al., 2005), and organic and inorganic nitrogen in the soil (Inselsbacher et al., 2011; 
Buckley et al., 2016, 2017). 
In conclusion, it may be suggested that the proposed method is a useful tool for xylem 




recommended using different plants, and different perfusate to fully understand its 
capabilities in xylem sap sampling with less invasion to the plants. The microdialysis 
method is less destructive and allows researchers to simulate the plant nutrient/toxic 
metal uptake, translocation, and absorption compared to the conventional method like 
root exudation. This method could be a complementary method with the existing 
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One of the crucial concerns in agriculture nowadays is food safety and security. It is a 
severe issue and considered one of the major concerns of the United Nation’s 
Millennium Development Goals ((UN-MDG) (JECFA, 2016). It is essential to reduce the 
accumulation of toxic elements in crops.  
Plants acquire vital and beneficial elements from the soil, but they can also take up non-
essential ones that are bio-available to them because of their imperfect selectivity 
(Clemens and Ma, 2016). Some of these unintentionally accumulated elements are 
highly toxic, like As, Sb, Pb, Cd, and Hg (Järup, 2003). Exposure to toxic heavy metals and 
metalloids is associated with the main threats to human health (Järup, 2003). Heavy 
metals have been used for a long time, and their adverse health effects have been 
extensively reported. Continuous monitoring and assessment of agricultural products 
are needed to enhance food safety and security. Rice is the world’s second most 
important cereal in the world, according to FAO (Food Agricultural Office) next to maise, 
and it provides half of the world’s energy (Carey et al., 2012; FAO, 2016).  
Paddy rice is considered the primary source of heavy metal contamination for human 
exposure because of its efficient heavy metal accumulation primarily when cultivated in 
contaminated areas ((Salama and Radwan, 2005; Zhao et al., 2010; Zheng et al., 2013; 
Clemens and Ma, 2016; Cullen and Reimer, 2016b; Jamila Alfaraas et al., 2016; Wang et 
al., 2020). Rice (Oryza sativa L.) is the most economically important food crop in the 
world and provides more than half of the world’s population. Predominantly in Asia, it 




(Awika, 2011; Meharg and Zhao, 2012; Bakhtiari et al., 2014). Rice provides 35-80% of 
the caloric intake and 15% of per capita protein for more than 3 billion people in Asia 
Zhu et al., 2008; Bhattacharya et al., 2010; Hu et al., 2016). Particularly in the Philippines, 
according to the Philippine Carabao Center (PCC), an estimated 0.225 Kg of rice per day 
(93 Kg per capita year) was estimated rice consumption (Mendoza, 2012). Rice 
consumption has also increased in other developing countries in North America and the 
European Union (EU) due to food diversification and immigration (Broadley et al., 2011). 
The present high population pressure, food insecurity, increasing competition for energy 
and water, high production cost, and the demands for income enhancement have 
encouraged rice farmers to increase yield with limited sources to provide adequate food 
for the world. Asia, in particular, where about 60% of the world’s population lives, is 
challenged by increasing food demand and, at the same time, threatened by food 
insecurity and water scarcity. Also, climate change further adds to the complexity of the 
problem.  
In Asia, 90 % of the world’s rice is consumed as rice itself, flour, noodles, and bread 
(Sharma, 2013). Apart from its culinary importance, it also has religious and cultural uses 
across the continent (Dawe et al., 2015), and alcoholic drink is also made from it (i.e., 
sake in Japan, and rice whiskey in Thailand). Rice represents the agricultural commodity 
in Asia, with the third-highest worldwide production next to sugarcane and maise (FAO, 
2011). World rice production needs to be increased as the population has grown 
tremendously (Bouman and Tuong, 2001). Rice cultivation has a lot of significant 
challenges like global warming (Mohanty et al., 2013), water scarcity (Bouman and 




Epstein, 2005; Tuyogon et al., 2016), salinity (Sobrado, 2007), and flooding (IRRI and 
DFID, 2009). Assessing rice sustainability and productivity in the future, a study like the 
long-term continuous cropping experiment (LTCCE) was set-up (Dobermann et al., 2000; 
Pampolino et al., 2008; Onofri et al., 2016; www.IRRI.org, 2019). Long term experiments 
are essential for checking the sustainability of land and cropping management (Johnston 
and Poulton, 2018; www.IRRI.org, 2019). It is also invaluable in detecting possible slow 
changes produced by the rice cropping system and may reveal possible threats to the 
environment and future fertility on the agricultural land. It was the most intensively 
cultivated and the longest-running field trial on rice in the world in increasing soil health 




Figure 4. 1. IRRI’s Long-term Continuous Cropping Experiment (LTCCE) is the world's longest-running 
rice research project. It celebrated its 150th crop last 2014; that is three seasons each year for 50 
years (Los Banos, Laguna, Philippines) (www.irri.org). 
 
Studies showed that rice is a significant dietary source of toxic metals like arsenic (As), 
cadmium (Cd), and lead (Pb) (Ismail et al., 2009; Huang et al., 2013; Clemens and Ma, 




food, specifically cereals like rice. Heavy metals are introduced into the environment as 
pollutants from anthropogenic activities and widespread use in different industries such 
as mining (Casiot et al., 2007; Festin et al., 2019), smelting (Fu et al., 2016) and burning 
of fossil fuels (Johnson, 2014), domestic (Lansdown, 2013) and agriculture (Violante et 
al., 2010). Over the years, trace metal(loid) pollution has become an environmental 
problem of concern due to their ecotoxic properties (Lombi and Holm, 2010). Industrial 
development and modern technologies adversely affect the environment by an increase 
in pollution (i.e., soil, water, air), loss of biodiversity, soil, and water contamination 
(Chepkemoi, 2017). Mining, where minerals are being extracted from the deposits of 
earth, causes a lot of environmental problems to the surrounding community. Air and 
water pollution, damage to land, and loss of biodiversity are some of the environmental 
impacts of mining. Waste discharge from metal mining leads to soil contamination to 
nearby rice fields that could lead to heavy metal contamination of the nearby soil, water 
supply and crops (Tollestrup et al., 2003; Johnson, 2014; Fan et al., 2017). Air quality is 
also affected by releasing unrefined materials from mining operations (Lubin et al., 
2008). Heavy metals (e.g., lead, cadmium, arsenic) were also present in air particles that 
become airborne caused by wind erosion, nearby vehicular traffic (Chepkemoi, 2017), 
and from open coal mining sites (Martinez et al., 2013; Choudhury et al., 2017). These 
pollutants have adverse effects on the people living near the mining area. Diseases 
associated with mining site activities like skin allergies, respiratory, and even cancer (e.g., 
lung and kidney) due to prolonged exposure. Mining also causes water pollution which 
includes acid mine drainage ((Ashley et al., 2007; Mestrot et al., 2016), metal 




animals nearby (Hettick et al., 2015; Hu et al., 2016). Fields near the mining site and fields 
that once were used as one of the mining sites are now being rehabilitated and 
converted to rice fields due to the government mandate for rehabilitation (e.g., In the 
Philippines, Republic Act no. 7942 Philippine mining act of 1995 (RA, 2001; Cabalda et 
al., 2002; Bastías and Beldarrain, 2016). 
The lack of scientific reports about possible heavy metal contamination in rice in old 
mining site areas of the Philippines, as well in the Asian rice that is available in the 
market, create the need to assess the concentration of heavy metals. A possible threat 
to consumer’s health or public safety is indicative of the presence of heavy metals in soil 
and rice. Strategies for the reduction or soil remediation can be accurately formulated if 
toxic or high metal concentrations are found. This study is also vital as a reference for 
future studies that will monitor the heavy metal levels of paddy soil and rice in polluted 





4.2 Aims and objectives 
The research question of this monitoring study is whether the rice harvested from old 
mining sites were safe for human consumption based on the available maximum 
tolerable limits.  
• This chapter is aimed to investigate the total antimony and other heavy metals in 
rice and soil used in the Philippines using ICP-MS,  
• to provide information and identify gaps in knowledge about the current 
concentration in the Philippines of antimony and other heavy metals, 
• to compare heavy metal concentrations of rice grown between mine impacted and 
non-impacted soils, 
• Furthermore, to establish trends, or correlation on the heavy metal concentration 
in rice samples with the content of macronutrients (Mg, Ca) and micronutrients (Cu, 













4.3 Materials and Methods 
4.3.1  Chemicals 
All chemicals used for the study were supplied by Merck (analytical reagent grade). All 
the extraction solutions were prepared with deionised water (high purity water of 
resistance >16  MΩ cm). Concentrated nitric acid was used in the digestion of samples 
(Sigma-Aldrich, 70%, ACS), and standard calibration solutions of the elements of interest 
(1000 g mL−1) were prepared from stock concentrations (Merck Millipore ICP XVIII) by 
diluting to volume with deionised water. The polytetrafluoroethylene (PTFE), 
polyethylene, and propylene containers were cleaned by immersing the vessels in 
concentrated HNO3 overnight and then washing successively with deionised water 
before use. 
4.3.2  Soil preparation, collection, and basic characterisation 
In-house fabricated plastic ware pots (PVC pipes glued and sealed with plastic caps with 
polymer silicone) measuring 20 cm (height) x 15 cm (internal diameter) was filled with 
2.5 kg of soils from the Philippines: (1) Bay, Laguna, (2) Agusan del Sur, and (3) Puerto 
Princesa, Palawan were used for the study.  Soil samples were collected from the plough 
layer (0-15 cm) during fallow (Figure 4.2). Soils were air-dried and sieved to 2 mm. Non-
soil debris was removed, and homogenisation was done to the soil before transferring 








Two composite samples were collected and analysed for essential characterisation. 
Figure 4.3. shows the different sampling sites for the three groups of rice for this study. 
The first sampling site is in the long term cropping experiments started from 1965 up to 
Figure 4. 2.The soil sampling method used in the experiment (a) plough layer and (b) ten different 
















Figure 4. 3. Philippine map showing the 3-rice field sampling locations: (1) IRRI, Laguna (2) Agusan del 











the present, and the second one is an old mining site turned into a rice field, and the 
third is the experimental site using local farmer’s method using different Asian varieties 
for Philippine market. A sub-sample was analysed for each of the soil after air-drying. Soil 
pH was analysed using a glass electrode by the KCl solution method. Cation exchange 
capacity (CEC) and available K were determined by the NH4O-Ac extraction method at 
pH 7 (Thomas, 1996). Exchangeable bases (K, Mg, and Ca) were measured by the NH4-
OAc extraction method at pH 7. Total organic C (TOC) was determined using an 
automated dry combustion method (elemental analyser-TCD method). Available Zn was 
determined by DTPA-TEA (Diethylenetriaminepentaacetic acid-Triethylamine) method 
using ICP analysis (Slamet-loedin et al., 2015; Tuyogon et al., 2016). Available P was 
measured using both the Olsen and Bray Methods (Olsen, S.R., C.V. Cole, F.S. Watanabe, 
1954). Total Fe and Mn were measured by XRF analysis. Other metals were analysed 
using ICP-OES. Particle size analysis for sand, silt, and clay was done by the hydrometer 
method (Thomas, 1996).  
4.3.3 Rice sample collection 
A total of 23 different varieties and three different brown Asian rice were obtained from 
the 2018 IRRI harvest. They were from three different groups namely: (1) from the LTCCE 
experiment (6 varieties), as a control (2) from a rice field near an old mining site in the 
Philippines (7 varieties) and (3) from IRRI field experiments representing different 
varieties of rice available in the Philippines’ market (10 varieties). Rough rice was 




was dried at 60 °C, dehulled, polished, ground, and kept at a desiccator until further 
analysis (Figure 4.4). 
4.3.4 High-pressure bomb acid digestion 
For the determination of heavy metals, samples were digested as follows. All plastic and 
glassware used in contact with the samples were thoroughly washed with non-sulphate 
detergents, soaked in a 10% HNO3 bath for at least 24 h, rinsed twice with MilliQ water 
(18.2 Mohms cm) (Millipore, USA). 
 
The levels of As, Sb, and other heavy metals in rice samples were measured by ICP-MS 
analysis with modifications from Chang et al., (2009). Before analysis, digestion 
treatment was performed using a high-pressure bomb system. Approximately 50 mg of 
dried ground rice was accurately weighed into a Teflon centrifuge tube; 3 mL of H202 and 
5 mL of 70% concentrated HNO3 were added to each sample and inserted to the 
digestion block through a capped stainless cylinder for acid digestion for 5 hours at 180 
°C and cooled down overnight. After the cooldown, the digestate was transferred to a 
PTFE beaker including all the washings from the Teflon centrifuge tubes and heated 
 
        Figure 4. 4. Rice pre-treatment. (a) Hard Rice, (b) dehulled and (c) polished and ground rice 




gently (85–90°C) on a hot plate to allow evaporation of residual acid in the solution until 
almost dry. The residue was diluted to 50 mL of distilled water for further ICP-MS analysis 
(see also as described in Chapter 3, section 3.3.7). 
4.3.5 ICP-MS 
Total arsenic and antimony analysis were performed using an ICP-MS (Agilent 
Technologies 7500A). The operational conditions for the ICP-MS instruments are the 
same as in Table 3.3 of section 3.3.8 in Chapter 3. Each batch was accompanied by a 1 
reagent blank, spike, and a certified reference material NIST-1568a rice flour (290 ng/g 
arsenic). Xylem sap and nutrient solution (before and after nutrient solution change once 
a week) were diluted and analysed by ICP-MS for As, Sb, B, Mn, Ni, Cu, Zn, Ca, Mg, and 
Fe contents.  
4.3.6 Quality control and assurance 
The relative standard deviation (RSD) for each metal repeated analysis was maintained 
below 5%. The detection limits for the elements were 0.4 mg kg−1 for Cd, 5 mg kg−1 for 
Pb, 30 mg kg−1 for Cu, and 850 mg kg−1 for Fe. A spiked sample using a known amount of 
metal standard was examined via acid digestion for verification of the accuracy of the 
analytical procedure. Recoveries of the heavy metals ranged between 85 and 110%. All 
reagents used were analytical reagent grade. A pre-cleaning regime, i.e., acid-washed, 
was applied for each glassware apparatus before use. High purity water (water sensitivity 
~ 18.2 Mohms·cm at 25 °C; Millipore, MA, USA) was used throughout this study for 




4.3.7 Statistical Analysis 
Data were analysed using SPSS Statistics for Windows, version 24 (IBM Corp., Armonk, 
NY, USA). One-way analysis of variance (ANOVA) was performed to determine the effects 
of different treatments (control, As3, Sb3) and plant stages (26 and 35 dat) and their 
interaction. A p-value of <0.05 denoted significance. The Tukey, Dunnett’s, and 
subsequent pairwise comparisons were employed to compare significant differences (P 
<0.05) between treatment means. A Pearson correlation analysis was carried out for 
finding the relation between investigated parameters (metalloid treatments, duration, 
nutrients) using SPSS 26, and a normality check of the variables was done before the 
analysis using Shapiro-Wilk’s test. A Spearman’s rank analysis was performed if the data 
is not generally distributed unless otherwise stated. All data presented are expressed as 
the means of replicates ± standard deviation (SD). 
Principal Component Analysis (PCA) with Varimax normalized rotation was employed, 
was used to determine the possible concealed relationship on the obtained results, 
which can reduce the original multi-dimensional spaces of PCs (the principal 
component). For this analysis, the relevance is identified as the components with 
eigenvalues of bigger than 1.0, a component that has factor loading > 0.75, from 0.75–












4.4 Results  
4.4.1 Calibration 
The accuracy of the analytical procedure was checked by the analysis of the CRM SRM 
1568a (rice flour).  The calibration results using ICP Multi-element standard XVIII (with 
16 elements in dilute nitric acid) Certipur® (Sigma Aldrich Singapore) and the recovery of 
some elements of the SRM 1568a Rice flour (with instrument limit of detection) are 
shown in figure 4.5 and table 4.1, respectively.  
 
 
Figure 4. 5. Selected ICP-MS calibration results and instrument LOD of ICP Multi-element standard 
XVIII (n=5) 
Quantitative results (within 10% of the certified value) were obtained for each metal in 




defined as 3 times the standard deviation of 10 blank measurements. Instrument LODs 
of As and Sb were 7.13e-4 ppb and 1.10e-4 ppb, respectively. 
      a sample size of 6 
       b Relative standard deviation (RSD) = (standard error/mean) x 100%. 
 
4.4.2        Soil properties 
 The soils used in the experiment were taken from 3 different irrigated rice fields in the 
Philippines with contrasting soil properties. The areas had been under lowland rice 
cultivation with at least 2 croppings (rice-rice) season per year. Non-soil debris was 
retained (e.g. straw residues from the last cropping season) upon homogenisation by 
                  
                 Table 4. 1. Chemical composition between certified SRM 1568a (Rice flour). 
 Avea (ppb) STDEV RSDb % Recovery 
As 0.2730 ± 0.011 4.2 105 
Ca 0.0148 ± 0.002 1.4 99 
Fe 6.4563 ± 0.298 4.62 102 
Zn 16.1963 ± 1.072 6.62 101 
Mg 0.0437 ± 0.004 7.22 98 
 
 
Table 4. 2. Selected physicochemical properties of the soils used in the experiment, as measured on 
samples that had been air-dried before routine analysis. 
Chemical properties Soil 1 Soil 2 Soil 3 
Location source  

















 pH (KCl) 6.1 6.3 5.9 
Organic C (%) 2.88 4.65 5.83 
CEC (cmolc Kg-1) 31.3 27.6 32.8 
 
DTPA-TEA Extractable    
Fe 8.82 5.51 40.4 
Cu 0.774 0.802 14.1 
Mn 10.1 4.70 37.7 
Zn 0.751 1.29 19.0 
Olsen P (mg Kg-1) 9.6 2.5 25 
USDA Soil Texture Loam Sandy loam Silty clay loam 
Particle Size (%)    
Sand 42 64 18 
Silt 37 28 47 





hand mixing in a large trough. The following analysis results were provided with the 
following analysis procedures. Soils were air-dried during the homogenisation 
procedure, which was done in a greenhouse at 30-35°C air temperature at 60-75% 
relative humidity. 
 
4.4.3 Heavy metal analysis in rice  
Three groups of rice were subjected to ICP-MS analysis of the mentioned metals from 
Group 1 (LTCCE) as control; Group 2 rice from the old mining site and Group 3, Asian rice 
that is available in the market. Figure 4.6 to 4.8 shows the ICP-MS results that are divided 
into macronutrients (Ca, Mg), micronutrients (Ni, Cu, Zn, Mn, Mo), as well as the toxic 
metals like As, Sb, Cr, Cd, and Pb for each group, in ug L-1.  
Figure 4.6 shows the Ca and Mg contents of the rice from 23 rice samples categorised 
into three groups. Ca and Mg contents of the rice from three different groups are not 
significantly different from each other at P<0.05. The Ca and Mg content is ranging from 
Table 4. 3.Safe limits guidelines of selected heavy metals in plants and soil. 
Standards 
Permissible Limits (mg Kg-1) 
Cd Cu Pb Zn As Cr Sb Hg 
Plant 
WHO/FAO1 0.2 40 0.2 60 0.2 0.129 - 0.02 
EU (629/2008)2 0.2 - 0.2 - 0.1 - 1 0.02 
Chinese (GB 2762-2005)3 0.2 10 0.2 50 0.15 - - 0.02 
Soil 
WHO/FAO - - - -  - - - 
EU (629/2008) 3.0 140 300 300  150 374 - 
Chinese (GB 15618-1995) 0.6 100 350 300 20 250 - 1.0 
 
    1(WHO, 2003b; FAO and WHO, 2019)  2(Obiora et al., 2016)  3(Wang et al., 2015)   4(van Leeuwen and Aldenberg, 
2012) 




42.9 to 124.5 ppb and 1270 to 2568 ppb, respectively. It can be noted that the lowest Ca 
and Mg came from group 2 which is rice from the near mining industry, and the highest 
Ca and Mg concentration comes from group 3 (Asian varieties) and control group (1 
LTCCE), respectively.  
 
Figure 4. 6. ICP-MS results of macronutrient contents (Ca and Mg) for the three rice groups 
 
Micronutrient contents (Mn, Fe, Ni, Cu, Zn, and Mo) of the rice samples are shown in 
Figure 4.7. It can be seen that the concentration of Fe, Ni, and Mo in rice in group 2 are 






































































abundant in the majority of the 7 rice samples in group 2, ranging from 139.7 – 517.6 ug 
Kg-1. It is followed by Ni from 8.08 – 121.7 ug Kg-1 and Mo from 2.52 – 53.6 ug Kg-1. 
Moreover, Zn, Ni, and Mn show no significant differences between the 3 groups.  
 
Figure 4. 7. ICP-MS results of micronutrient contents (Mn, Ni Cu, Fe, Zn, and Mo) for the three rice 
groups 
 
Toxic metal contents Cr, As, Sb, Se, Cd, and Pb in rice are shown in Figure 4.8. It shows 












































































































The heavy metal contents for group 1 rice samples were 0 for Cd, Sb, and Cd. Results 
showed that the Cr and As levels were 0-20.7 and 0-0.50 ug Kg-1, respectively. It can be 
noted that even though As and Sb contents are not significantly different within the 3 
groups (P<0.05), rice from group 2 has the highest Sb content. 




































































































There is significantly higher Pb (F(2,1)=3.224), Cr F(2,1)=6.934, Cd F(2,1)=3.329 and Se 
F(2,1)=3.842 in rice in group 2 compared to group 1 and 2. Cr contents of 25.7 to 111.4 
ug/Kg in rice from group 2 were significantly higher compared to the other rice groups. 
The following values in ug Kg -1were also obtained: As has a range of 0.03 to 0.62; Sb and 
Pb have 0 to 1.45 ug Kg-1; and Cd with a range of 0.01 to 0.68 ug Kg-1. Rice in group 3 was 
in between the heavy metal values of group 1 and 2. Although soil samples from the 3 
different groups were not analysed for heavy metals, according to Magahud et al., 
(2015), the average Cr, Ni, Cu, Zn and Mo are 130, 20.0, 37.0, 81.0, 1nd 3.1 mg Kg -1 
respectively.  
4.4.4 Correlation of metal content in rice 
To be able to assess if there is a correlation on the heavy metal concentration in rice 
samples, the Pearson correlation was used with a p-value of 0.05 and 0.001 shown in 
Table 4.4. Pearson correlation was used to quantify the strength or relationship degree 
between heavy metals using SPSS 24. The Pearson correlation matrix with r>0.7 is 
Table 4. 4. Spearman correlation matrix of heavy metals in Rice (n=23 samples).  
*Significant correlation at the 0.05 level (both sides) 





strongly correlated, and r values of <0.5-0.7 are moderately correlated. The metals were 
divided into toxic (i.e. As, Sb, Cd, Pb, and Cr), macronutrients (Ca, and Mg), and 
micronutrients (Ni, Cu, Zn, and Mo). Text in blue is significantly positively correlated, and 
red texts are significantly negatively correlated. All correlation in coloured texts is 
significant at P<0.001 other than the one with Mg and Cu. 
Moreover, the PCA analysis (Table 4.5.) yielded four significant components with 
eigenvalues higher than 1.00, accounting for a total of 81.24% of the data variation 
(Table 4.5). The first principal component (PC1), which contained 30.49% of the 
calculated variance, showed a strongly positive load for Mn, Co, Cu, Se, and Sr but 
moderately for Cr, Ni and Fe. Moreover, PC1 showed a strongly negative load for Mg and 
a moderately negative load for Ca and Zn. Chromium and Nickel are known to be 
mutually associated with several sorts of rocks and, hence, into any soil-driven of these 
strata (Spurgeon et al., 2008). The same was reconfirmed in the study, obtaining a 
Pearson correlation coefficient of r = 0.817 between them. Also, the As was positively 
related to Cr (r = 0.432) and Ni (r = 0.751), which indicates that As might be driven from 
parent rock materials. Moreover, the second principal component (PC2) yielded 26.54% 
which showed a strongly positive load for Cr, Ni, Mo, and Fe, and a moderately positive 
load for Mg, Cu, and Pb. The third and the last PC (PC3 and PC4), yielded 17.46% and 
6.74, respectively. PC3 yielded a strongly positive load for As, Sb, and Cd, and moderately 










Heavymetals PC1 PC2 PC3 PC4 
Mg -0.782 0.454 - - 
Ca -0.529 - - 0.626 
Ti - 0.523 - - 
Cr 0.408 0.804 - - 
Mn 0.753 - -0.545 - 
Fe 0.411 0.867 - - 
Co 0.846 - -0.433 - 
Ni 0.409 0.771 - - 
Cu 0.747 0.534 - - 
Zn -0.568 0.493 - - 
As - - 0.718 - 
Se 0.698 -0.434 0.469 - 
Sr 0.741 - -0.447 0.406 
Mo - 0.865 - - 
Cd - - 0.832 - 
Sb - - 0.801 - 
Pb - 0.533 - - 
Proportion of variances (%) 30.49 26.54 17.46 6.74 
Cumulative proportion of 
variances (%) 
30.49 57.03 74.50 
81.24 
Note: factor loadings < than 0.4 removed, extraction method: PCA, rotation method: Varimax and Kaiser normalization 
 
4.4.5 Heavy metal contents in soils 
Background of the total heavy metal contents in plant and soil samples from 3 different 
groups were compared to the natural abundance and guidelines of countries (Table 4.6). 
Soil 1 came from the control group of the long-term cropping experiment, soil 2 was from 
the rice field from the rehabilitated mining area, and soil 3 was one of the farmer’s fields. 




Generally, the Cr content in the 3 soil samples is less than the mean soil guidelines of Cr 
in Philippine soil of 130 mg Kg-1. In soil 2, Cr concentration was two times, and Ni level is 
around 6 times higher than the Japanese soil guideline values. These soil Cr values are 
higher compared to Japanese, Canadian (both 64 mg Kg-1), and lesser compared with the 
Netherlands guidelines (2000). It can be noted that soil 1 heavy metal contents are the 
least of the 3 soil samples followed by soil 3, and soil 2 has the highest content, 
particularly in Cr and Ni content. However, soil 1 Cu content has the highest of the three, 
and three times the Japanese rice soil, 2.5 times the Philippines, and 2.6 times the 
Netherlands soil guidelines. Soil 2 Zn content was the lowest, which is 660%, 540%, 
1,333%, 933% lower than the Japanese, Philippines, Canadian, and Netherlands soil 
guidelines. In terms of Ni content of 224.1 mg/Kg in soil from group 2 exceeded the 
maximum allowable limits of the different countries. Precisely 2.2 times the Netherlands, 
5.7 times Japan, and 11.2 x the Philippines soil guidelines.  
Table 4. 6 Heavy metal content in soil samples in comparison with background values 
and guidelines of some selected countries 
 
a(Kitagishi, 1981), b(Domingo and Kyuma, 1983), c (Canadian Council of Ministers of the Environment, 2007) 
d (Ministerie Van Volkshuisvesting; Ruimtelijke Ordening En Milieu, 2000), eCr(III), organic Hg,  na-non-analysed or   
no data available 
 
  Values (mg Kg-1) 
Metal Guidelines  As Cr Cd Hg Pb Ni Cu Zn Mo Sb 
Natural abundance in Japanese rice 
soils (N=97-408)a 
9 64 0.5 0.3 29 39 32 99 - - 
Mean for Philippine rice soils 
(N=54)b 
- 130 - - - 20 37 81 3.1 - 
Canadian soil quality guidelines for 
agricultural soilsc 
12 64 1.4 6.6 70 50 63 200 5 - 
Netherlands target values for soils 
(2000)d 
29 100 0.8 0.3 85 35 36 140 3 - 
Netherlands intervention values for 
soils (2009)d 
76 180.0e 13 4.0f 530 100 190 720 190 - 
Soil 1 (control) - 36.8 - - 18.8 29.8 93 76 - - 
Soil 2 (Mining site) - 126.5 - - 28.4 224.1 25 15 - - 
Soil 3 (Asian Market) - 52.7 - - 24.1 50 59.2 98.2 - - 

























4.5 Discussions and Conclusion 
One of the world’s most pressing environmental problems in recent years is the 
agricultural food safety concerns caused by heavy metal and metalloids pollution 
(Nagajyoti et al., 2010; Arunakumara et al., 2013; Hakeem, 2015; Liang et al., 2019). Toxic 
heavy metals and metalloids tend to accumulate in crops rather than being metabolised 
nor excreted (Zhao et al., 2015; Fashola et al., 2016) and enter the food chain via human 
consumption, posing human health problems (Tian et al., 2019). Among the heavy metals 
and metalloids, As, Cd, Cr, and Pb are mostly of grave concern because of accumulation 
prone to accumulate in rice (Zavala and Duxbury, 2008; Palma-Lara et al., 2019). Sb, like 
As, is a non-essential toxic metalloid (Filella et al., 2009; Lombi and Holm, 2010), of 
increasing environmental and health concerns due to being increasingly used in industry 
(i.e., mining) (Nash et al., 2000). In contrast to the popularity of widespread interest in 
As, Sb received relatively little attention. Toxic effects of these heavy metals and 
metalloids ranging from the liver, reproductive, bone, nerve damage, spontaneous 
miscarriages in pregnant women, and kidney diseases (i.e., cancer) to name a few 
(Mandal and Suzuki, 2002; Gidlow, 2004; Kapaj et al., 2006; Sreekanth et al., 2013; 
Pandey and Tripathi, 2014; Luo and Shu, 2015). Based on previous studies, limited 
information about the health risk assessment for rice consumption as well as the heavy 
metal content in paddy soils and rice (Ciminelli et al., 2017; Huang et al., 2018; Zhang et 
al., 2019; Zulkafflee et al., 2019). 
Different rice and its paddy soil were sampled and analysed for the total heavy metal 




previously old mining site turned into a rice field and selected different Asian rice 
available in the market. The findings showed that group 2 rice (from mining area) has the 
highest heavy metals, particularly As, Sb, Pb, and Cd, compared to rice from the control 
group and Philippine market Asian rice. Similar results have been found in the heavy 
metal contents in soil from the mining site. Furthermore, ICP-MS results showed that Ni 
levels of soils from group 2 exceeded different maximum levels set by the Philippines of 
20 mg/Kg as well as different countries (i.e., 100 for Netherland, 39 for Japan, and 50 for 
Canada, mg/Kg). Cr soil contents in group 2 were the highest compared with the other 2 
groups. The rice sampled from group 2 (mining area) is considered contaminated 
compared the Philippines standard as well as Asian neihboring country’s allowable limit. 
The average As in world’s soils is 7.2 mg Kg-1 (Cullen and Reimer, 2016a).  
Soil As concentration varies from 4.4 mg Kg-1 in podzols to 9.3 mg Kg-1 in histosols, where 
the highest As concentration where found in clay soils and lowest in sandy soils (Kabata-
Pendias, 2010; Goldberg, 2011). Based on GEMAS (Geochmeical mapping of agrigultural 
and graziing land soils project), the median soil As value is 5.7 mg Kg-1 in aqua regia 
extraction were a little below the global average of 6 mgKg-1 (Bowen, 1979; Reimann et 
al., 2009). In terms of agricultural land use, the guide values varies in selected countries 
from 20 mgKg-1 (Argentina, Canada, Norway, New Jersey, USA) (Obiora et al., 2016) to 
200 mg Kg-1 (Germany) (German Federal Soil Protection Act, 1998). In average, As 
concentration in non-contaminated soils ranges from 0.1 to 40 mg Kg-1 (Mawia et al., 
2021). In Asia, particularly in peaty and peaty clay sediments in southwest Bangladesh, 
arsenic content is 20 to 111 mg Kg-1 (Smith et al., 2000), 4 to 45 mg Kg-1  in the sediments 




In this study, different varieties have been grown in different environment, different soil 
properties, different bioavailability, and comparison of metal concentrations cannot be 
achieved. It shows that soils from an old mining site can be used for agriculture use as 
long as proper assessment has been facilitated. This study showed that plants upload or 
download micronutrients when exposed to heavymetals (i.e. Sb, as etc.) based for the 
correlation and PCA analysis. This study would help in monitoring of heavymetals for rice 
in different parts of the Philippines, that could give valuable information for awareness, 
consumer safety, and possible heavymetal mitigation to set a maximum level in the 
Philippines. 
The WHO set 0.2 mg Kg-1 as the limit or legal standards for As in rice and rice derived 
products, and no set limit yet for EU and USA. Although the As and other heavymetal 
values that was observed in this study were below the maximum allowable 
concentration values specified by the Japanese and Canadian soil guidelines, it can pose 
potential health hazards since these metals can accumulate chronically. The amount of 
rice consumption determines the risk of human exposure (Yost et al., 2004; Huang et al., 
2018; Nguyen et al., 2020), and health concern of As exposure from rice is the due to 
large quantity of average daily intake per capita rice consumption. In Asia 400 mg of rice 
was the average daily intake (Biswas et al., 2020), particularly in the Philippines, 300 mg 
day per day (or 110 Kg or ice per year) (PSA, 2017).  
In terms of the heavymetals found in the rice in the samples from the Philippines, 
particulary as, it is significantly lower than South and Southeast Asia like India, Pakistan, 
Vietnam, China and Bangladesh where the groundwater is contaminated with As (Shri et 




time of writing, and there is a need to address this accordingly by the regulatory agency 
to ensure consumer’s safety and public health. Speciation of Sb and As was not 
determined, but recent studies have reported that arsenate (As(V)) once taken up by rice 
via phosphate transporters through roots to xylem, rice will convert it to the form 
(arsenite, As(III)) that no longer resembles phosphate and is transported back to the soil 
through its root (McLaughlin et al., 1999; Abedin et al., 2002; Meadows, 2014; Geng et 
al., 2017).  
In terms of consumer protection and food safety, there is a need to efficiently assess rice 
as well as paddy soils in the Philippines as the staple food of the country. In countries 
where rice is the source of carbohydrates such as Asian countries, this may result in 
significant health concern. Heavy metals accumulate chronically, and the levels detected 
in rice fields near mining sites was relatively high even though it passed the safety limit 
set by WHO or FAO.  Other factors such as water source, air, soil, and another possible 
contaminant source should be tested by regulatory agencies to ensure consumer safety.  
Laws in the rehabilitation of old mining sites turned into agricultural areas such as rice 
fields that should be stringent. A further test is to be performed to all rice varieties is 
recommended to ensure public safety. It is highly recommended to have a regular 
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The increased use of antimony (Sb) has led to many environmental soils and 
groundwater contamination problems, and understanding their biogeochemical cycling 
is of prime importance to predict potential contamination issues. Sb is traditionally used 
in a wide range of industrial applications including insecticides (Wagner et al., 2003), 
ceramic and glass making (Wu and Sun, 2016), fire retardants fabrication (Filella, Belzile, 
and Y.-W. Chen, 2002a), lead-antimony based alloy batteries (US Geological Survey, 
2004), ball bearings and ammunition (US Geological Survey, 2004), automobile linings 
(US Geological Survey, 2004), in medicine because of its anti-cancer and anti-parasitic 
activities (Leishmaniasis) (Brochu et al., 2003; Cheng and Sun, 2014) and recently in 
microelectronics (Natasha et al., 2019). Sb has also been used as a catalyst in the 
polyethene terephthalate (PET) fabrication, and recent studies showed that Sb had been 
found in water and fruit juices contained in PET bottles at levels exceeding the EU set 
limit  (Carneado et al., 2015; US Department of Health and Human, 2018).  Sb is 
poisonous to humans and animals at high dosage analogous to As poisoning (Gebel, 
1997; WHO, 2003a; Lombi and Holm, 2010). Despite its toxicity, Sb received little 
attention relatively with other toxic heavy metal and other metalloids (i.e., As)  (Filella et 
al., 2002; Toghill et al., 2011; Daus and Hansen, 2016). 
Trace metal speciation is aimed at determining all chemical species formed by that 
element in the environment (Filella et al., 2009).  Identification of stable organic species 
by techniques such as Inductively Coupled Plasma- Mass Spectrometry (ICP-MS) and 




sufficiently stable species to undergo the chromatographic separation step without 
change. The detection and identification of more reactive, relatively weak complexes, 
that can play a preponderant role in the transport of these elements are, however, much 
less known (Filella and May, 2005a). Michalski et al. (2012) summarised several 
chromatographic analysis of Sb speciation. In LC, a complexing agent was needed to 
preserve the Sb trivalent state to obtain a well-defined peak shape and quantitatively 
elute Sb in the anion exchange column (Perrino et al., 2011). In the last few years, several 
complexes were suggested, and phthalic acid was found to be the best (Daus and 
Hansen, 2016). EDTA was first used as a complexing agent of Sb (Lintschinger et al., 1997) 
and from then on was used in different variations (Chen et al., 2006; Hansen, 2011; Kolbe 
et al., 2012). It was found out that the accepted range of stable Sb(III) with EDTA can be 
analysed at a pH range of only 4.3-5 (acidic) (Filella and May, 2003; Hansen and Pergantis, 
2008). In the case of environmental analysis or biological media (i.e. plants) where pH is 
at around 6-7 (neutral). Figure 5.1 shows that despite the high concentrations of 
carboxylic acids, chromatographic studies predict that Sb are present as not complexed 
(i.e. free ion). An alternative possibility is that these metalloids form weak complexes 
that are too weak to undergo the chromatographic process at neutral pH (e.g. 6.5). These 
weak complexes may be destroyed during the chromatographic step and the use of other 
analytical techniques might be required (Feldmann et al., 2009). The answer to the 
question of whether metalloids (i.e. Sb, As) cannot be transported from the roots to the 
shoots when bound to ligands must be addressed by using a sensitive and selective 
analytical method to identify weak arsenic complexes at neutral pH like those that may 












Many metal speciation is predominantly controlled by ligand interactions (or active sites 
of natural organic matter)(Louis et al., 2008). The speciation of metalloids (i.e. Sb) is often 
limited to the differentiation of oxidation states, not so much about the complexation of 
these hydroxy species with ligands. Sb chemical speciation with low molecular weight 
ligands (l.m.w) has not previously modelled comprehensively, even though Sb is toxic 
and of increasing environmental significance (Filella and May, 2005; Filella et al., 2009; 
Filella, 2013). The scarcity of thermodynamic data of Sb complexation with l.m.w in 
environmental or biological media may be attributed to challenging issues in the analysis, 
such as the following. This lack of data can also be attributed to the difficulty to study 
the free Sb ions in solutions other than very dilute ones because Sb (+3 and +5) are easily 
hydrolysed in aqueous solutions (Filella and May, 2005). In terms of the experimental 
procedure, the current method used (i.e. glass potentiometry) either done in very acidic 
media or the limitation of not being able to measure at low concentrations (Filella and 
May, 2005a, 2005b). Available thermodynamic data are either old or sparse and rarely 
measured in natural conditions (often too acidic or high concentration) (Filella and May, 
 
Figure 5. 1. Research hypothesis stating that voltammetry may 
complement hyphenated techniques (i.e. HPLC) in metalloid speciation 




2005a), the required information is not available or given in the publication (Filella and 
May, 2003); redundant information in the data compilation, and are measured in the 
same condition background electrolyte media (Filella and May, 2005b). Furthermore, 
significant errors are repeatedly produced from repeated experimental measurements 
without further analysis or discussions. Among several methods for the chemical 
speciation, using voltammetry, lower concentrations can be measured at neutral pH. 
Voltammetric approaches have been used in the past to determine whether there is 
complexation of other ligands to Sb in the plants. However, the voltammetric analysis of 
this metalloid is not straight forward, aside from the matrix effects, sample preparation, 
and the type of electrode to be used are some of the hindrances in the analysis (Kowalska 
et al., 1999). (Cavicchioli et al., 2004). Available voltammetric methods for Sb 
measurements are done in acidic conditions and not so much in natural conditions of pH 
are lacking. 
Voltammetry, specifically anodic stripping voltammetry (ASV), is an attractive method in 
terms of satisfying the requirement concerning sensitivity and selectivity. Also, it has the 
advantage of low contamination and low risk of sample alteration during analysis (van 
Leeuwen et al., 2005). The limitation of the ASV technique is a kinetically dependent 
technique (i.e. underestimation of complexing parameters due to dissociation of inert 
complexes during the accumulation period). This limitation, however, can be seen as a 
good point since, in natural biological processes, such processes might also occur in the 
solution around the cell membrane (van Leeuwen et al., 2005). One of the techniques is 
by using a gold micro-wire electrode that is well suited for the speciation of inorganic 




(Billon and Van Den Berg, 2004; Salaün et al., 2007; Feldmann et al., 2009; Salaun, 2017). 
The technique may also be used to gain insights into the complexation patterns of 
inorganic and organic-bound arsenic and highlight the formation of weak, fast-
dissociating species as well as inert, stable, complexes. Voltammetry may complement 
nicely the commonly used chromatographic and hyphenated techniques.  
Pseudopolarography (PP) is an electroanalytical method based on ASV that is suitable for 
metal speciation at natural concentrations, capable of measuring complex 
thermodynamic stability which is pH and ligand concentration-independent (Omanović 
and Branica, 2003; Louis et al., 2007). The advantages of the PP method include (1) the 
ability to differentiate between labile and inert metal complexes; (2) minimise problems 
associated with a high metal concentration in stability constant determination (e.g. 
precipitation, sufficient ligand excess) and, (3) the experimental procedure can be fully 
automated making the method appealing  (Omanović and Branica, 2003, 2004; 
Omanović, 2006; Louis et al., 2007). PP has been used in several studies for the speciation 
of Pb in freshwater (Omanović and Branica, 2003; Billon and Van Den Berg, 2004), Zn in 
seawater (Brown and Kowalski, 1979; Filella et al., 2002), Cd (Tsang et al., 2006; Bi, 2012), 
and Cu in seawater (Louis, Cmuk, et al., 2008; Nicolau et al., 2008; Gibbon-Walsh et al., 
2012b). To the best of our knowledge, PP has only been used once for metalloids 








5.2  Aims and objectives 
The general aim of this study is to assess if Sb(III) is complexed or not in the xylem sap of 
cucumbers. To achieve this primary aim, the following points list specific objectives:  
• To develop and optimise a pseudopolarographic procedure for the determination of 
Sb(III) at the gold electrode, ready to be used for complexation studies, 
• To validate the voltammetric method by looking at the complexation of Sb(III) with 
low molecular weight ligands (Ethylenediaminetetraacetic acid (EDTA), 
Diethylenetriamine-pentaaacetic acid (DTPA), tartaric acid (TA)  and glutathione 
(GSH)); these ligands have known stability constants with Sb(III) but GSH (Filella & 
May, (2005)), and 
• To use the method to assess if any complexation of Sb(III) in xylem sap can be 














5.3 Materials and Methods 
5.3.1 Reagents and instrumentation 
All chemicals were of analytical quality unless otherwise stated. Water that has been 
used to prepare reagents and preliminary working solutions was 18 MΩ cm−1 purified 
using a Millipore-Elix system. Standard Sb solutions were prepared by dilution with water 
of 1000 ppm standard solutions, EDTA, DTPA, TA, and GSH were also from Sigma Aldrich. 
Standard solutions (LiCl, NaCl, KCl, MgCl2, CaCl2, and BaCl2) were kept at room 
temperature.  
Voltammetric experiments were made using a μAutolabIII potentiostat (EcoChemie, now 
Metrohm AG, Switzerland) computer-controlled using GPES software (version 4.9). A 
three-electrode cell containing the gold microwire working electrode (WE), an iridium 
counter electrode (CE) (150 μm diameter, ∼3 mm length), and a double-junction 
reference electrode, Ag/AgCl/KCl (3 M)//NaNO3 (0.1 M), was placed in a voltammetric 
cell (Teflon), which was placed in a Faraday cage (Windsor Scientific, UK). The salt bridge 
was filled with 0.1 M NaNO3 to avoid leakage of chloride in the voltammetric cell. Gold 
microwires (Purity: 99.99%, temper: hard) of 10 and 25 μm diameter (Goodfellow, UK) 
were used as working electrodes. A vibrator rotor (150 Hz) was attached to the microwire 
WE. The vibrator, which was used in place of a standard magnetic stirrer, was powered 
by an IME663 (EcoChemie) and controlled by GPES software (version 4.9). The vibrated 
gold microwire electrodes were prepared as described previously (Salaün and van den 




5.3.2 Au microwire fabrication  
Gold (Au) microwire electrodes (10 and 25 uM) were fabricated according to the 
procedure described by Salaün and Van Den Berg, (2006). An approximately 10-cm 
length of 100-um diameter copper wire was passed through a 100-uL pipet tip 
(polyethene, Corning Inc.). Its end was dipped in a freshly mixed conductive silver 
solution (Leitsilber L100, Maplin, UK), used as a conductive adhesive. The copper wire 
was then attached to approximately 10-mm length gold microwire (10 or 25 um) 
(Goodfellow) by gently touching it. The copper wire was then carefully pulled through 
the pipet tip until the microwire passed halfway through. The microwire tip was sealed 
by holding it for a few seconds at 400 °C horizontal tube oven to melt and seal the gap 
uniformly (Figure 5.2). The microwire electrodes were converted to a vibrating electrode 
by insertion a vibrator in the microwire holder at the top (Chapman and Van Den Berg, 
2007). Electrodes were stored vertically using an empty pipette tips holder until use. This 
particular electrode does not need continuous polishing and can be cleaned 
electrochemically before each measurement. By doing this method improves the 








Figure 5. 2. Fabrication of Au microwire (a) and schematic diagram of the Au microwire fabricated 
from a micropipette tips finished product adapted from Salaün and Van Den Berg, (2006). 
5.3.3 Pre-treatment 
The Au microwire electrode was conditioned with 0.5 M H2SO4 with the application of a 
negative potential of -2.5 V for 30-60s to produce hydrogen gas to clean the wire surface 
and to desorb any species that might have remained to adsorb (Salaün and van den Berg, 
2006). This process was done twice daily (before and after use). A cyclic voltammetric 
scan (CV) was followed at 10 mV.s-1 between 0 and +1.5 or 1.6 V to form the oxide layer 
at c.a at 1.1 V reversibly during the anodic scan and reduce it back at c.a 0.8 V in the 
cathodic scan. The shape of this CV was used to assess the behaviour of the electrode 
and the charge of the oxide reduction peak was monitored to detect any change in 
surface area of the electrode (Salaün and van den Berg, 2006).  
5.3.4 Voltammetric parameters used for the PP experiments 
Twenty millilitres of MQ water with 20 nM of Sb(III) were transferred to the voltammetric 
cell together with 50 mM NaClO4 and 1 mM HClO4, giving a pH of around 3 (or in 0.1.M 
phosphate solution or Hoagland solution at pH 6.5). The solution was purged with N2 for 
(A) Au uwire 
Ag epoxy 
uPipette tips with copper wire 





15 mins. The experimental procedure (Table 5.1) consisted of a first stage for the 
stabilisation of the electrode before proceeding with the PP.  This stabilisation step 
consisted of a sequence of 15 ASV scans with 20s deposition below -1.1V and a 60 s 
cleaning step at +0.5V. The intensity of the Sb peak was monitored, and it was observed 
that the peak generally stabilised within 15 scans. The PP procedure was then achieved 
by running successive ASV scans at different deposition potentials. Each ASV 
measurement was obtained as follow: a background scan (the same as the analytical 
scan but without the deposition step) was first recorded followed by an analytical scan; 
the background scan was then subtracted from the analytical scan, and the intensity of 
the Sb peak was measured from this background-subtracted scan. The peak derivative 
was used as a measure of the peak intensity because it is independent of an often-
subjective choice of baseline. All procedure was fully automated through the GPES 
software. During conditioning, deposition, and desorption steps, the electrode was 
vibrated; during equilibrium and stripping, the electrode was stagnant. Finally, at the end 
of each stripping scan, a potential of +0.5 V was always imposed until a new scan was 
started.  The various steps were automated using GPES software.  Figure 5.3 shows the 
voltammetric equipment set-up for the experiment, and Figure 5.4 shows a typical 









Mode Parameter Values 
Purging  15 min 
Stabilisation of the WE 
(minimum of 15 times) 
Conditioning potential 0.5 V 
Conditioning time 60s 
Desorption Potential -1.1 V 
Desorption time 20s 
Equilibrium time 1s 
Analytical 
Deposition Potential +0.4 V to -0.4 V 
Deposition time 20 s 
Desorption Potential -1.1V 
Desorption time 1s 
Equilibrium time 1 s 
Background 
Conditioning potential 0.5 V 
Conditioning time 5s 
Desorption Potential -1.1V 
Desorption time 1s 
Equilibrium time 1 s 
Stripping 
Range From -0.2 to +0.25 V 
Step 4 mV 
Amplitude 100 mV 
Pulse time 6 ms 
Interval time 100 ms 
Table 5. 1.Voltammetric conditions for the stabilisation, analytical, and background scans.  The same 
stripping parameters were used. 
 
  
Figure 5. 3. (a) Voltammetric equipment set-up; (1) Instrument: 696 VA electrode stand, (2) 
electrochemical cell (3) connected via an interface IME663, Autolab, (4) a uAutolab(III) potentiostat 
(Metrohm, Switzerland), using GPeS software (b) Anodic stripping voltammetric set-up: (1) Working 
Electrode (WE): Au wire (10 uM); (2) Counter Electrode (CE): Iridium wire; (3) Reference Electrode 














5.3.5 Pseudopolarographic method (PP) 
Pseudopolarograms were obtained for Sb(III) with and without the presence of the 
following model ligands: (a) EDTA; (b) DTPA; (c) tartaric acid (TA) and (d) glutathione 
(GSH). Before recording any pseudopolarograms, the signal stability was checked and 
obtained by running the same ASV scans of a solution of known Sb(III) concentration until 
the signal was found stable.  
5.3.6 Determination of stability constants of Sb with l.m.w. model ligands 
Stability constants were estimated experimentally using PP by titrating low nM levels of 
Sb(OH)3 with EDTA, DTPA, TA and GSH. These ligands are known to complex Sb(III) and 
their optimum stability constants have been derived from a compilation of all the 
published values Filella and May, (2005).  These values were entered manually (see 
section 5.7 Annex for the procedure) into Visual Minteq®, a freeware equilibrium model 
used for calculation of metal speciation in natural waters. Visual Minteq® was used here 
to predict the concentration of all aqueous species at various pH when Sb(OH)3 is in the 
 
 
Figure 5. 4. Typical pseudopolarography scan (each point represents one background-subtracted ASV 





presence of the low molecular weight ligands.  The stability constants between ligands 
and Sb(OH)3 are given in Table 5.2. These stability constants were derived at a 
temperature of 25 C and for a ionic strength of 0 mol.L-1 and correspond to the formation 
of the species in bold. For instance, the stability constants for SbEDTA- is:  
K =  
[𝑆𝑏𝐸𝐷𝑇𝐴−]
[𝑆𝑏(𝑂𝐻)3].[𝐸𝐷𝑇𝐴4−].[𝐻+]3





Sb(OH)30 + EDTA4- + 3H+ → SbEDTA- + 3H2O 26.77 
Sb(OH)30 + EDTA4- + 4H+ → SbHEDTA0 + 3H2O 28.00 
Sb(OH)30 + EDTA4- + 2H+ → SbEDTA(OH)2- + 2H2O 20.76 
Sb(OH)30 + EDTA4- + H+ → SbEDTA(OH)23- + H2O 12.676 
DTPA5- 
Sb(OH)30 + DTPA5- + 3H+ → SbDTPA2- + 3H2O 30.70 
Sb(OH)30 + DTPA4- + 4H+ → SbHDTPA- + 3H2O 31.67 
TA 
Sb(OH)30 + TA2- + 3H+ → SbTA+ + 3H2O 9.855 
Sb(OH)30 + 2TA2- + 3H+ → SbTA2- + 3H2O 17.184 
Sb(OH)30 + TA2- + 2H+ → SbTA(OH)- + 2H2O 9.408 
2 Sb(OH)30 + 2TA2- + 2H+ → Sb2H-2(OH)2TA22- + 4H2O 22.17 
Sb(OH)30 + TA2-  → SbH-2(OH)TA2- + 2H2O 2.045 
 
The experimental determination of stability constant was done here by recording PPs of 
30 nM Sb(OH)3 in presence/absence of various concentrations of ligands. Conditions of 
pH were chosen so that complexation is predominant and if possible, only one complex 
is formed. Upon addition of the ligand, Sb(OH)3 is expected to decrease because of Sb(III) 
complexation. In the case represented by Equation 5.1, when the peak due to Sb(OH)3 is 
half its original value, it is assumed that [SbEDTA-] = [Sb(OH)3] and the experimental 
stability constant can then be determined by: 
Table 5. 2. Stability constants between Sb(OH)3 and l.m.w. ligands at 25 C and ionic strength of 0 mol.L-




Kexp =  
1
{EDTA4−}.{H+}3
      Equation 5.2. 
 
where { } represents the activity at the particular ionic strength used experimentally (I = 
0.05 M). {EDTA4-} and {H+} (i.e. pH) are obtained directly from the output file in Visual 
Minteq, using the total concentration of ligand at which the Sb(OH)3 voltammetric signal 





5.4 Results  
5.4.1 Pseudopolarography of Sb(OH)3 on a gold electrode in non-
complexing media 
Before proceeding with the PP measurements in the presence of ligands, the general 
behaviour of the gold electrode for Sb(III) determination was first checked by running 
calibration curves, determination of the linear range at various pH, determination of the 
detection limit as well as assessing the variation of deposition time and concentrations 
on PPs.   
5.4.2 Calibration and electrode stability 
A pseudopolarogram is obtained by running successive ASV measurements at different 
deposition potentials and plotting the intensity of the peak of interest vs deposition 
potential (Edep) (Figure 5.5).  The calibration curve of Sb(III) at pH3 has a linear response 
until from 0 to 40 nM (R2=0.9998). Figure 5.6 shows the stacked ASV voltammograms of 
the calibration curve from 0 to 320 nM (top) and the blow-up figure of the linear range 
(bottom). Calibration curves of the various pH are shown in Figure 5.7. It shows that 







The same Au microwire electrode was used to measure the calibration curve at different 
pH. Figure 5.7 shows the graphs of the Sb calibration curve at selected different pH (1, 2, 
 
Figure 5. 5. Steps in voltammetric analysis (a) and Typical background-subtracted ASV (anodic 
stripping voltammetry) signal of Sb(III) (b). 
 
Figure 5. 6. Stacked As(III) voltammograms of the calibration curve of Sb(III) in 0.1 M Phosphate 
solution at pH6.0 from 0 to 320 nM and (inset) Peak derivatives vs. Sb(III) showing the linear range 
concentration 0-40 nM. Method: DPASV -0.2V (30s) A; -2.2V (1s),  Scan: -0.1 V to +0.4V,  Step 
Potential:  0.00405V ,Modulation Potential: 0.02505 V Standby pot: +0.75V. Electrodes: Working 
Elect; Au wire (10 uM), Iridium counter electrode and Ref. electrode; Double junction Ag/AgCl/KCl 
(3M)//NaNO3 (0.1M)  
M:\Data\SC\March2018\22March\220318A\R_220318A_31_01.iew



















Peak Potential = Unique Metal 






and 5). The peak potential varies cathodically (c.a. 60 mV/pH) in agreement with the 
reaction: Sb0 + 3H2O → Sb(OH)3 + 3e- + 3H+. 
  
  
pH1 pH2 pH5 
Ave % recovery 1 100.8 99.6 101.1 
Stdev of response (Sy) 7.6E-09 6.26E-09 3.8E-09 
Slope (S) 1.31e-7 8.09e-8 3.00e-8 
LOD2 (nM) 1.91 2.55 0.980 
LOQ3 (nM) 5.80 7.74 2.97 
Linear range (nM) 0-80 0-80 0-80 
Coefficient of Determination (R2) 0.999 0.999 0.991 
1Average recovery is obtained by comparing the actual concentration of the standard computed from the calibration curve and 
multiplied by 100 (n=3), 2 LOD=3.3 x (Sy/S), 3 LOQ=10 x (Sy/S) 
 
 
In any measurements, it is essential to have a stable peak before starting the 
pseudopolarogram. As shown in Figure 5.8, after 15-20 scans, the signal becomes stable. 
Each stability sequences (before and in between individual PP experiments) serve as a 
reset of the electrode before each new PP experiment. Without this stability sequence, 
 
Figure 5. 7. Sb(III) calibration curves  at different pH (n=3). Sb(III) solution (0, 5, 10, 20, 40 and 80 nM) 
(1) pH1: 0.1 M HCl; (2) pH2: 10 mM HCl; (3) pH5: 10 mM Na-Ac+ 8 mM HCl. Method: DPASV -0.2V (30s) 
A; -1.5V (1s),  Scan: -0.1 V to +0.4V,  Step Potential:  0.00405V ,Modulation Potential: 0.02505 V 
Standby pot: +0.75V. Electrodes: Working Elect; same Au wire (10 uM), Iridium counter electrode and 
Ref. electrode; Double junction Ag/AgCl/KCl (3M)//NaNO3 (0.1M)  




the less reproducible shape of the pseudopolarograms and an overall gradual loss of the 
signal were being observed. 
Recovery measurements were also done to check the accuracy of the Au working 
electrode, shown in Table 5.2. A standard addition procedure was achieved in a blank 
solution containing 20 nM Sb(III). The recovery percentage was calculated from Recovery 
% = (xs-x)/xadd x 100%, where xs =calculated concentration of spiked samples, 
x=calculated concentration of unspiked samples and xadd = amount of added analyte (Lu 
and Compton, 2013). The % recovery range obtained was from 99.6 to 101.1. 
 
5.4.3 Pseudopolarograms (PP) of Sb(OH)3 at pH 3. 
Testing of the pseudolarographic method was done at pH around 3 to visualise any 
complexation effect best (see section 5.4.2). Measurements were done in 50 mM NaClO4 
with 1 mM HCl04. Figure 5.9 (top) shows that a reproducible PP signal was obtained and 
that the overall shape of the PP was unaltered with Sb(OH)3 concentrations, although 
the relative intensities of the signals were. Each PP presented 4 different sections :  
1- Edep > 0.3 V: no Sb signal in this region because there is no accumulation of Sb 
at the gold surface during the deposition step;   
Figure 5. 8. Stability ASV scans before PP experiments. Solution: 20 nM Sb(III) + 50 mM NaClO4 + 1 
mM HClO4, pH 3.0 Method: DPASV Deposition potential: -0.2V/30s; Desorption potential: -1.5V/1s; 
Step Potential:  0.00405V, Modulation Potential: 0.02505 V Standby pot: +0.75V. Electrodes: Working 





2- 0.3 > Edep > 0.08 V: adsorption of Sb(OH)3 on the gold electrode is occurring 
during the deposition step: Sb(OH)3 → Sb(OH)3ads; this adsorbed species is 
reduced to Sb0 when the desorption potential is applied (Sb(OH)3ads + 3e- + 3H+ 
→ Sb0 + 3H2O); 
3- 0.08 > Edep > -0.02 V: this is the reduction wave of Sb(OH)3; here the species is 
directly reduced during the deposition time, and the reduction rate increases 
with decreasing the deposition potential; the half-wave potential in these 
conditions was estimated at E1/2 = 0.02-0.03 V. 
4-  Edep < -0.02 V: diffusion-limited conditions; the deposition potential is 
sufficiently low so that the reduction rate is sufficiently fast and the amount of 
Sb0 accumulated at the gold electrode surface is now only limited by the diffusion 






5.4.4 Varying deposition time 
Figure 5.10 shows normalised PPs obtained at varying deposition times (from 10s to 
300s) for deposition potentials decreasing from 0.4 to -0.2 V. The intensity of the 
individual PPs were normalised to the intensity obtained at Edep = -0.2 V because 
electrodes of different lengths (i.e. sensitivities) were used.   
 
 
Figure 5. 9. Pseudo graphs (peak intensity vs peak derivative) of varying Sb(III) concentrations (a) 
three scans of 5 nM Sb(III) + and (b) 10, 20 and 30 nM nM Sb(III), both in 50 mM NaClO4 + 1 mM HClO4 
(Deposition potential: 0.4 to -0.2V/30s; Desorption potential: -1.5V/1s).   
5 nM SbIII_1 
5 nM SbIII_2 
5 nM SbIII_3 
 
5 nM SbIII_1 
30 nM SbIII_1 
5 nM SbIII_2 
5 nM SbIII_3 









There is a c.a. 60 mV shift in the half-wave potential from c.a. 0.04V (@10s) to -0.02V 
(@300s). It seems that an increase of deposition time results in a less reversible 
behaviour, as shown by the lower slope of the reduction wave with increasing deposition 
time. It can be noted from the graph the relative proportion of the maximum signal 
where no reduction is occurring (measured at 0.1V) tends to decrease with increasing 
deposition time. The variation of the wave at increasing deposition times on the gold 
electrode was also previously observed for Cu (Gibbon-Walsh et al., 2012b) and can be 
explained for reversible systems (where electrons transfer is not limiting/fast). In this 
work, the same deposition time was used for all experiments. 
Figure 5. 10. Graph of the intensity of the peak against deposition potential (10, 30, 60, 180 and 300s). 
Original data (top) normalised (bottom). 30 nM nM Sb(III), in 50 mM NaClO4 + 1 mM HClO4 (pH3) 




















5.4.5 Stability constant determination 
5.4.5.1  Sb(III)- EDTA system 
5.4.5.1.1 Visual Minteq modelling  
Figure 5.11 shows the distribution of Sb-EDTA species as a function of pH for EDTA 
concentrations of 1, 10, 100 and 1,000 M. It can be seen that complexation and 
formation of Sb-EDTA- is best seen at pH of around 3. At higher pH, [OH-] increases and 
hydrolysis of Sb(III) becomes predominant while at lower pH, protonation of EDTA and 
protonation of Sb(OH)3 becomes predominant, thus decreasing the formation of 
SbEDTA-. Also, at pH 3, the voltammetric signal is predominantly from Sb(OH)3, Sb(OH)2+ 
accounting only for less than 5% while SbEDTA- is the only complex being formed, 
SbHEDTA being only present at the negligible amount.  Measurements were made here 
in a solution of 50 mM HClO4 + 1 mM HClO4 giving an approximate pH of 3.08 (Visual 
Minteq). This pH was used for calculation.  
 
Figure 5. 11.Predicted distributions of all Sb species to be considered as a function of pH (Sb-EDTA) 
for various concentrations of EDTA. Solution: 30 nM Sb(III) + 1, 10 uM, 100 uM or 1mM EDTA. 
 
30 nM Sb(III) + 1 uM EDTA 30 nM Sb(III) + 10 uM EDTA 




5.4.5.1.2 Voltammetry (Experimental) 
Figure 5.12 shows the PP obtained between -0.4 and +0.4 V at different concentrations 
of EDTA in a pH 3 NaClO4 solution. When increasing EDTA concentrations, the following 
observations can be made: the half-wave reduction potential of Sb(OH)3 reduction (at 
c.a. +20 mV) remains constant while the half-wave amplitude sharply decreases; this is 
consistent with a reduction of Sb(OH)3 upon addition with EDTA. A second wave appears 
at a potential of c.a. -0.1 V was suggesting the presence of a complex; this wave is 
attributed to the presence of the SbEDTA- complex and its reduction wave is c.a. 120 mV 
more cathodic than the reduction wave of Sb(OH)3 (Figure 5.13).  At a deposition 
potential below  -0.2 V, the waves reach a plateau, and this plateau decreases in 
intensity upon addition of EDTA until reaching a stable value that becomes more or less 
independent of [EDTA]tot (Note that PP scan at [EDTA] = 100 M seems to be an outlier, 
as significantly lower than that for EDTA = 8, 10, 30, or 500 M). The decrease in the 
plateau value between no ligand and 500 uM EDTA suggest that the complex Sb-EDTA- 
has a diffusion coefficient that is 54% that of Sb(OH)3. It is interesting to note that the 
adsorption of Sb(OH)3 that occurs at Edep between 0.02 V and 0.38 V in the absence of 
EDTA  completely disappears at 500 M EDTA, strongly suggesting that SbEDTA- does not 






Assuming that the signal obtained at potentials above -0.02 V and above is only due to 
Sb(OH)3, the decrease of the signal as a function of [EDTA]total can be compared to 
modelling predictions. The peak intensity given in Figure 5.12 is transformed to a 
concentration by normalising the signal to the 30 nM Sb(III) signal in the absence of 
ligands.  Figure 5.13 shows the variation of inorganic antimony ([Sb(OH)3] + [Sb(OH)2+]) 
at different deposition potentials (-20 mV, 0, +20 and +40 mV) together. 
Figure 5. 12. Pseudopolarograms of 30 nM Sb(III) in 50 mM NaClO4 + 1 mM NaClO4 with stepwise 
addition of EDTA (1 uM to 500 uM). DPASV: Deposition potential: 0.4 to -0.4 (30s); Desorption 
potential: -1.5V/1s. The shaded areas represent the approximate half-wave reduction potential of 
Sb(OH)3 (blue) and the half-wave reduction potential of the complex SbEDTA- (red) with an 





   
When the voltammetric signal is half the original value (15 nM in Figure 5.13), the 
stability constants can be estimated from Equation 5.1. The total concentration of EDTA 
at which inorganic Sb(III) is 15 nM was determined graphically and found to be 0.82, 0.9, 
0.98 and 1.08 M at Edep of +40, +20, 0 and -20 mV respectively. The corresponding log 
K were obtained from the activity of {EDTA4-} at each of these total concentrations at a 
fixed pH of 3.087 and were found to be  26.97, 26.92, 26.88 and 26.84  respectively, in 
excellent agreement with the value of 26.77  (Filella and May, 2005). 
 
 
Figure 5. 13. Modelled and experimental variations of inorganic Sb(III) as a function of the total 




5.4.5.2 Sb(III)- DTPA system 
5.4.5.2.1 Visual Minteq modelling 
Figure 5.14 shows the modelling predictions for DTPA concentrations varying from 1 M 
to 1 mM. Similar to EDTA, complexation is best seen at a pH of 3 to 5, with higher pH 
presenting less complexation due to the strong hydrolysis of Sb(OH)3 and at lower pH, 
the formation of Sb(OH)2+. Voltammetric measurements were achieved in the same 
solution as for EDTA, i.e. in 50 mM NaClO4 + 1 mM HClO4 giving a predicted pH of 3.086. 
In these conditions, only the SbDTPA2- is being formed, the other species SbHDTPA- being 
only present at negligible amounts (<1%).  
 
5.4.5.2.2 Voltammetry (Experimental) 
Figure 5.15 shows the pseudopolarograms obtained between -0.4 and +0.4 V at different 
concentrations of DTPA in a pH 3 NaClO4 solution. When increasing DTPA concentrations, 
the following observations can be made. The half-wave potential of the Sb(OH)3 
Figure 5. 14. Predicted distribution graphs of all the species to be considered as a function of pH (Sb-
EDTA) using Visual MINTEQ® software (top) thermodynamic data (bottom) prediction Solution: 30 
nM Sb(III) + (a) 1 uM, (b) 10 uM, (c) 100 uM, and (d) 1mM.DTPA. Red: Sb(OH)2+, Blue: Sb(OH)3, Grey: 




reduction (at c.a. +20 mV) remains constant while the half-wave amplitude sharply 
decreases; this is consistent with a reduction of Sb(OH)3 upon addition with DTPA. A 
second wave appears at a potential of c.a. -0.1 V suggesting the presence of a complex, 
this wave is attributed to the presence of the Sb-DTPA2- complex. At high DTPA 
concentration (500 uM and 1 mM), a further shift of the complex reduction wave is noted 
associated with a substantial decrease of the amplitude, suggesting a strong interference 
effect at these higher concentrations. At deposition potential below -0.1 V, the 
pseudopolarograms reach a plateau that is similar in amplitude for 10, 30, and 100 M 
DTPA suggesting that interferences only occur at higher concentrations. By comparing 
the plateau value with no ligand and at 100 uM DTPA and assuming that the difference 
in intensity only originates from a change in diffusion coefficient, it suggests that the 







Plotting the concentration of Sb(OH)3 obtained experimentally at Edep = -20 mV and 0 V 
as a function of total concentration allows a visual comparison between experimental 
and modelling results (Figure 5.16). There is an apparent mismatch, and a stronger 
complexation is obtained experimentally than predicted. Using the concentration of 
DTPA at which Sb(OH)3 is half its original value, log K values of 31.95 and 32.05 are 
estimated for Edep = -20 mV and 0 V respectively. These values are more than one order 
of magnitude higher than the value given in the literature (log K = 30.70 – Filella and May, 
2005).   
Figure 5. 15. Pseudopolarograms of 30 nM Sb(III) in 50 mM NaClO4 + 1 mM NaClO4 with stepwise 
addition of DTPA (1 uM to 1mM). DPASV: Deposition potential: 0.4 to -0.4 (30s); Desorption potential: 
-1.5V/1s. The shaded areas represent the approximate half-wave reduction potential of Sb(OH)3 
(blue) and the half-wave reduction potential of the complex SbDTPA2- (red) with an approximate 





Figure 5. 16. Modelled and experimental variations of inorganic Sb(OH)3 as a 
function of the total concentration of EDTA. VM: Visual Minteq. 
 
5.4.5.3  Sb(III)- Tartaric acid (TA) system 
5.4.5.3.1 Visual Minteq modelling 
The Sb-tartaric system promotes the formation of up to 5 Sb complexes (see Table 5.2), 
depending on the pH and concentration of tartrate (Figure 5.17). In contrast to EDTA and 
DTPA systems, tartrate forms a complex at neutral and alkaline pH. Stronger 
complexation is observed at pH around 4 with the formation of 3 different Sb(III)-TA 





5.4.5.3.2 Voltammetry (Experimental) 
Pseudopolarograms were obtained at pH 4 in a solution of 50 mM NaClO4 in the presence 
of various concentrations of tartaric acid (Figure 5.18). Upon addition of TA, a strong 
decrease of the reduction wave is observed but in contrast to EDTA and DTPA systems, 
no second wave is apparent, down to -1 V suggesting that the complex(es) being formed 
is(are) electro-inactive (i.e. cannot be reduced). Other interesting observations are: the 
half-wave reduction potential in the absence of ligand is c.a. -20 mV which is around 40 
mV more cathodic than at pH 3. The strong adsorption observed at pH 3 for deposition 
potentials comprised between c.a. +80 and +360 mV has almost disappeared here (pH 
4). 
When plotting Sb(OH)3 obtained experimentally as a function of TA and comparing with 
modelling predictions (Figure 5.18), a rather good agreement is obtained. However, 
Figure 5. 17. Predicted distributions of all Sb(III) species to be considered as a function of pH in 
presence of various concentrations of tartaric acid. Solution: 30 nM Sb(III) + 1, 4, 7 and 10 mM TA (A, 





because of the formation of 3 different Sb(III)-TA complexes at pH 4, comparison of 
stability constants cannot be achieved. For that, the study should have been done at pH 
of, e.g. 8 where only one complex is predicted. However, the study here confirms again 
that the voltammetric determination of Sb(III) by ASV allows to clearly assess if 
complexation occurs. Different pH (i.e., pH 4) were used based on the recommendations 
from the Visual Minteq modelling results done prior the experimental procedure. Figure 
5.19 shows the comparison of the experimental voltammetric results with the results 
obtained from the modelling predictions using Visual Minteq  at pH4. 
 
   
Figure 5. 18. Pseudopolarograms of 30 nM Sb(III) in 50 mM NaClO4 adjusted to pH 4 with HClO4 after 
addition of tartaric acid (0, 2, 4, 8 and 10 mM). DPASV: Deposition potential: 0.4 to -0.4 (or to -1V) for 






5.4.5.4 Sb(III)- glutathione (GSH) system 
5.4.5.4.1 Visual Minteq modelling 
There is no known stability constant published. 
5.4.5.4.2 Voltammetry (Experimental) 
PP of Sb(III) and GSH were studied to show whether there was a complexation between 
the two. Figure 5.20 shows the PP graphs (top) and voltammograms (bottom) of 30 nM 
Sb(III) with/without and addition of GSH (0, 50, 100, 500 nM, 1, and 5 uM) at pH3. Similar 
to tartrate, a decrease of the pseudopolarogram plateau without any reduction wave of 
the complex indicates the formation of strong, inert complexes, electrochemically 
inactive.  When plotting the intensity of the peak as a function of [GSH] and normalising 
to concentration, it is found that half of the original Sb(OH)3 signal is lost when the 
Figure 5. 19. Comparison between Sb(OH)3 obtained experimentally (Edep = -360 mV, from Figure 




concentration of glutathione added was 100 nM. Supposing that the complex formed is 
Sb(GS)3:  Sb(OH)3 + 3GSH → Sb(GS)3 + 3H2O         
with  𝐾′(𝑆𝑏(𝐺𝑆)3) =  
[Sb(GS)3]
[𝑆𝑏(𝑂𝐻)3].[𝐺𝑆𝐻]3
                                  Equation 5.3. 
Where K’ is the conditional stability constant, and [GSH] is the concentration of free 
glutathione.  
[GSH]tot = [GSH]f + 3[Sb(GS)3]                      Equation 5.4. 
When [Sb(GS)3] = [Sb(OH)3] = 15 nM, [GSH] = 55 nM and log 𝐾′𝑆𝑏(𝐺𝑆)3 =  21.55. This 
value is in the same order as the only other conditional stability constant reported in the 
literature (log K’=20.6), which was obtained by NMR spectroscopy (Sun et al., 2000). 
Figure 5.20, 5.21 and 5.22 shows the pseudopolarograms, voltammograms and graphs, 
respectively of 30 nM Sb(III) at different depositions showing a decrease of signal in 
response of the increase addition of GSH in the solution. 
 
 
Figure 5. 20. 
Pseudopolarograms of 30 nM 
Sb(III) in 50 mM NaClO4 + 1 
mM HClO4 after addition of 
GSH (0, 50 nM, 100 nM, 1 uM 
and 5 uM). DPASV: Deposition 







Figure 5. 21. Voltammograms 
of selected scan from Figure 
5.20a at Edep = -0.4 V showing 
the Sb(OH)3 DPASV signal. 
 
 
Figure 5. 22. Variation of 
Sb(OH)3 as a function of GSH 
concentration. 
5.4.6 Complexation of Sb(III) in xylem sap  
Cucumber xylem sap obtained from Chapter 2 were used to test if complexation of 
antimonite is occurring upon addition of the sap. Figure 5.23 (top) shows the PP scans 
upon the stepwise addition of 25 uL sap (4 times, total of 100 uL) in 20 mL Hoagland 
solution (pH  6) with 100 nM Sb(III).   
PP experiments were done in this solution which has a similar background matrix as the 
xylem sap and nutrient solution which has a pH of 6.0 (Mihucz et al., 2005; Uroic, 2011; 
Uroic et al., 2012). The chosen pH 6 was chosen as near to the pH of the xylem sap. The 
shape of the pseudopolarograms in this Hoagland solution before addition of the sap 
consists in one well-defined reduction wave at Edep  -30 mV followed by a plateau value 




addition of the sap, two main changes occur: 1- the intensity of the plateau decreases 
linearly with sap volume (r2= 0.998) and 2-  a positive shift of the reduction wave can be 
observed (Figure 5.22 bottom). A positive potential shift usually indicates adsorption of 
organics on the electrode surface that may affect the sensitivity of the electrode towards 
Sb(III) by the decrease of the electroactive surface; this would have the net effect to 
decrease the intensity of the plateau value, as observed. However, if this is the case, such 
loss should also be observed for Cu, since it is also present in the Hoagland solution at 
levels of 0.5 uM.  Figure 5.23 displays the Cu PP scans obtained during the same 
experiment, and they clearly show that this is not the case: the Cu peak intensity is 
unaffected by the addition of xylem sap showing that adsorption of organics on the 
electrode surface is not responsible for the loss of the Sb(OH)3 signal. Therefore, we 
conclude here that this loss can only be due to the formation of inert/electroinactive 
complexes, even though the sap has been diluted extensively (up to 250 times).   
However, when 100 uL addition of sap is added to the Hoagland solution, an  80% loss 
of signal was occurring at Edep = -0.8 V for (Figure 5.22) while a 40% decrease only is 
obtained at Edep = -1.3 V (Figure 5.24); this difference possibly suggests that some of the 














Figure 5. 23. Pseudopolarograms of 100 nM Sb(III) in Hoagland solution (pH 6) with stepwise addition 
of 25 uL xylem sap (total 100 uL sap). (A) original signal, (B) normalised signal, and (C) Variation of 
Sb(OH)3 as a function of xylem sap addition (0-100 uL sap),. DPASV: Deposition potential: 0.2 to -0.8V 








A kinetic experiment was done where the same ASV scan was repeated using a 
deposition potential of -1.3 V, as low as possible in this Hoagland solution (Figure 5.25). 
The aim here was to assess if these Sb-complexes are still electroinactive at such low 
deposition potential. Upon addition of the xylem sap, similar observations were made 
with a decrease of the Sb(OH)3 signal and a constant Cu signal (Figure 5.24). 
Unfortunately, a PP down to -1.3 V was not recorded to confirm this. For information, 
Figure 5.25 also displays the variation of the Zn peak intensity upon addition of the sap; 
a decrease is also observed, probably indicating the formation of complexes.   
 
 
Figure 5. 24. Pseudopolarograms of 0.5 uMCu(II) in Hoagland solution with 4 stepwise additions of 25 
uL xylem sap each (total 100 uL sap (pH6). DPASV: Deposition potential: 0.2 to -0.8V (30s); Desorption 

















Figure 5. 25. (A) Graph of peak intensity against deposition potential (background subtracted). 
Solution: 30 nM Sb(III) in 0.1M phosphate solution (pH6) + xylem sap (up to 100 uL) and (C) 
background subtracted voltammograms showing Zn2+ (-0.683V), Sb(III) (-0.267V) and Cu2+ (0.092V). 
DPASV Econd 1.5V(30s) Edep -1.3V(30s) (-1v to 0.6V) step potential: 4 mV modulation amplitude:50 
mV (Background subtracted). 
SbIII in 0.1M phos phate (Hoagland solution) (pH 6)
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Addition 5 to 100 uL xylem sap 30 nM Sb(III) 






5.5  Discussions and Conclusion 
Knowledge of Sb complexation in biological matrices is far limited, either for +3 or +5. So 
far, only four complexes of Sb(V) with lactate and citrate ligands and two complexes of 
Sb(III) with glutathione have been identified (Hansen and Pergantis, 2008; Daus and 
Hansen, 2016). The following are few of the challenges and problems why there is limited 
progress in Sb analysis in biological media: the lack of analytical methodologies; 
difficulties in quantitative extraction from biological samples; instability and 
preservation of Sb species sampling and processing; low recoveries (i.e. 
chromatography); and trace level Sb species are too low for spectrometric identification, 
(Quentel et al., 2006; Filella et al., 2009). In this study, the suitability of the PP method 
for the determination of stability constants of Sb complexes at low metal concentrations 
and mildly to neutral pH were explored. 
Preliminary studies on the DPASV method using Au microwire showed a stable signal 
upon 15-20 scans and was found here to be required to perform before each PP 
experiments so that reproducible results can be obtained. Sb(III) calibration at different 
pH showed a linear range of 0 to 40 nM (using a 30 s deposition time), and the peak 
potential varies cathodically (c.a. 60 mV/pH) as pH increases, in agreement with previous 
observations (Salaün et al., 2012). The position of the wave is reproducible, independent 
on the concentration but dependent on the deposition time, as previously observed, e.g. 
for Cu in marine systems (Gibbon-Walsh et al., 2012).  
The ability of PP to visualise complexation and retrieve stability constants is best 




observed with the presence of two distinct waves, one for inorganic Sb(III) (consisting 
mostly of Sb(OH)3 at pH 3) and one for the reduction of the complex itself (without prior 
dissociation in the diffusion layer). Stability constants for the formation of Sb-EDTA- 
determined experimentally here agrees very well with literature values. Similarly, the 
extent of complexation in the presence of tartaric acid also agrees well with modelling 
predictions, but this not the case for the formation of the Sb-DTPA2- complex. In that 
case, although the presence of the complex is evident from the presence of a second 
wave (Figure 5.15), our experimental value is 20 times higher than the recommended 
literature value. It could be that such discrepancy comes from the experimental 
conditions that were used, with, e.g. concentrations of Sb(III) in the order of 10 mM used 
by Özer and Bogucki (1971) which might be prone to solubility and precipitation issues 
(Filella and May, 2005b). 
The PP procedure developed here can assess the complexation of Sb(III) at low nM 
concentrations, i.e., at environmentally relevant concentrations at less acidic to neutral 
pH. To the best of our knowledge, this is the first time that complexation of antimony is 
visualised with well-known ligands using anodic stripping voltammetry. One exciting 
aspect is the observation that complexes of Sb(III) with EDTA, DTPA, TA and GSH are 
inert, i.e. they do not dissociate in the diffusion layer of the gold electrode during the 
deposition step.   While EDTA and DTPA complexes display a cathodic shift of the 
reduction wave by c.a. 120 mV, complexes with tartaric acid and glutathione are looking 
like they are electroinactive in the deposition potential range used here (down to -0.4 
V).  This is similar to what was observed in the xylem samples: complexation is occurring 




reduction wave of the complex is seen, suggesting a strong complexation. The research 
hypothesis is that glutathione, phytochelatin (PC) or sulphur-containing molecules like 
cysteine might be responsible for the complexation of Sb in the plant xylem sap.   
It was also observed here that the adsorption of Sb(OH)3 on the gold electrode surface 
at relatively high deposition potentials occurs in perchlorate solutions (similar to 
previously reported in acetate solution (Salaün et al., 2012)). This adsorption does not 
occur in Hoagland solution at pH 6 (Figure 5.22) and does not occur when complexation 
is extensive in the presence of EDTA (Figure 5.12), DTPA (Figure 5.15) and TA (Figure 
5.17), showing unambiguously that these complexes do not adsorb on the gold electrode 
at these high deposition potentials. However, in the presence of GSH, even though 
complexation is evidenced by the decrease of the plateau value (Figure 5.22), an 
adsorption signal (Edep > 0.1 V) is still observed suggesting the complexes (presumably 
Sb(GS)3 in this case) may adsorb on the gold electrode surface and get reduced during 
the desorption step, before the stripping step. This adsorption at high potential region 
might open new analytical possibilities.  
The research hypothesis is that glutathione, phytochelatin (PC) or sulphur-containing 
molecules like cysteine might be responsible for the complexation of Sb in the plant 
xylem sap. Xylem sap consists of organic ligands (e.g., glutathione (GSH), low molecular 
ligands, phytochelatins (PC) and other sulphur containing compounds (e.g. cysteine)) 
that may be responsible in metal translocation (Tatár et al., 2000; Raab et al., 2005; 
Álvarez-Fernández et al., 2014; Morua, 2015, Rellán-Álvarez et al., 2011). According to 




μM in phloem saps, but oxidised glutathione concentrations were similar using (using 
capillary electrophoresis- MS).  
Until now, the occurrence of the Sb-glutathione complexes (also even in the case of As) 
in biological media is still unknown, most of the studies are indirect derivation by 
comparison of results from experimental with and without GSH inhibitors and 
synthesised in the laboratory (Raab, Meharg, et al., 2004). Hazama et al. (2015) found 
out that reduced glutathione (GSH) concentrations differed in xylem and phloem saps of 
castor bean plant (Ricinus Communis) (1–2 and 30–150 μM, respectively), but oxidised 
glutathione concentrations were similar using (capillary electrophoresis- MS). Phloem 
sap phytochelatin concentration increased from 0.8 μM in controls to 8 μM in the 
presence of 10 μM Cd. Free citrate was 2–4 μM in xylem sap and 70–100 μM in phloem 
sap in the absence of Cd. In the presence of 10 uM Cd, free citrate increased from 0.8 
uM (control) to 8 uM. 
To validate the hypothesis mentioned above, PP of Sb(III) and GSH were studied to show 
whether there was a complexation between the two since literature often mentioned 
the complexation of metals with phytochelatins (PC) or GSH in plants (Rauser, 1990; Cai 
et al., 2004; Emamverdian and Ding, 2017; Rahaman et al., 2020). From our results, it is 
apparent that there is a strong complexation between Sb(III) and GSH forming 
electroinactive complexes similar to what is observed in the sap.  It is thus possible that 
glutathione (as well as other sulphur containing compounds) might complex Sb(III) in 
xylem sap samples, thus facilitating the translocation of this metalloid. The complexation 
is seen by voltammetric means, and other issues might explain why it is not detected by 
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Antimony (Sb) is a naturally occurring element in the environment (groundwater, rocks, 
and soils). It is naturally present at low concentrations, but the increased use of Sb in 
activities such as mining, fire-retardants, or microelectronic industry has led to increased 
environmental soil and water contamination issues. Despite its toxicity, Sb has not 
received as much attention compared to other toxic heavy metals and/or metalloids 
such as arsenic, mostly due to the relatively low concentrations (low nM) encountered 
in natural waters. In oxygenated water, it is mostly present as the anionic species 
arsenate Sb(OH)6-, while the neutral antimonite Sb(OH)3 is predominant in anoxic 
conditions (Filella and May, 2003). While the determination of total concentrations is not 
an issue anymore, the determination of individual species is still challenging, and Sb 
speciation is still mostly restricted to the differentiation of oxidation states (Wu and Sun, 
2016), similar to what was already stated 20 years ago (Nash et al., 2000). Low 
concentration of Sb naturally present in environmental systems, low recovery on 
chromatographic columns, species instability in terms of oxidation/reduction and 
formation of weak complexes that are easily destroyed during sample treatment are 
some of the reasons identified in the challenges facing Sb speciation (Hansen and 
Pergantis, 2008).   
One of the available methods in Sb determination is the hyphenated technique method 
based on chromatography coupled with spectroscopy. The most common techniques are 
HPLC-ICP-MS, hydride generation atomic spectrometry (HG-AAS), Graphite Furnace-




Coupled Plasma-Mass Spectrometry (ICP-MS) (Ammann, 2011). In addition, aside from 
the matrix effects, laborious and expensive chemical analysis are some of the hindrances 
in the Sb analysis.  
Similar to other techniques, all electrochemical methods are focusing on the 
determination of inorganic Sb(III) and/or inorganic Sb(V) with speciation being limited to 
the differentiation of oxidation states; one of the main reason for such limitation is that 
the electroanalytical determination of metalloids is often achieved in acidic conditions. 
These acidic conditions have been commonly used to facilitate the reduction, chemical 
and/or electrochemical reduction of the oxy-hydroxy species even though the reduction 
of the trivalent species arsenite had been reported at all pH as early as 1975 (Forsberg 
et al., 1975). For pentavalent species, this is different. Both antimonate Sb(V) and 
arsenate As(V) are often considered as electroinactive, i.e., they cannot be reduced 
electrochemically.  In these cases, their detection is conditional on a chemical reduction 
step to form the trivalent species that can be detected more easily. Several reducing 
agents have been used (e.g., cysteine (Santos et al., 2009), SO2 (Brihaye and Duyckaerts, 
1982) or hydrazine in boiling water (Postupolski and Golimowski, 1991), but this chemical 
step introduces several disadvantages: challenging to implement, time-consuming, 
limiting sample throughput, and a potential source of contamination. Although rarely 
used, a direct electrochemical reduction is a preferred option as more straightforward 
and faster to implement. It has been used on several occasions for arsenate detection  
(see (Salaün et al., 2007) and references therein) but rarely for antimonate where 
reduction can only be achieved in strongly acidic conditions (3-6 M) on Hg electrodes 




at the electrode surface is usually avoided because (1) it affects the mechanical stability 
of the mercury drop electrode (vibrations created by the generation of the gas tend to 
dislodge the drop), (2) the hydrogen blocks the electrode surface (e.g., on a gold disc 
electrode) during the deposition step or 3- it creates noisy voltammograms, unsuitable 
for analytical determination.  Hydrogen generation at a gold wire electrode was found 
to be a reproducible process allowing the use of low pH and low deposition potential 
(Salaün et al., 2011). However, the issue of these analytical conditions is that only the 
valency of the ions can be determined, while information on speciation in terms of 
complexation is not accessible due to the required change in pH. The importance of 
developing analytical methods that can measure analytes in environmentally relevant 
conditions of pH is a well-known challenge (Toghill et al., 2011; Salaün et al., 2012; 
Ungureanu et al., 2015).     
The determination of As(V) in neutral conditions of pH was first reported in 2011 by 
Gibbon-Walsh et al., (2011). At neutral pH of 7-8, arsenate is present as a mix of 
dihydrogen and hydrogen arsenate anions (H2AsO4- or HAsO42- respectively). The direct 
electrochemical reduction could not be achieved at a pH lower than 4 at a gold electrode, 
irrespective of the deposition potential that was used (Salaün et al., 2007, 2012). 
Interestingly, the authors found that the presence of an excess of Mn2+ ions (uM level) 
favours the detection of As(V) in neutral conditions of pH. They found that Mn2+ is first 
reduced to Mn0, and this layer of reduced manganese favors the chemical reduction of 
arsenate to arsenite at the electrode surface during the deposition step. Similar 
observations were also made using Fe(III) or Fe(II) in place of Mn(II).  In both cases, the 




the electrode to As(V), inducing its deposition and allowing stripping analysis in 
conditions of pH that are not favorable for a direct reduction. The manganese mediated 
reduction was very recently used to study the cycling of arsenic in estuarine conditions 
(Penezić et al., 2020); by looking at the difference of arsenic detected in acidic and 
neutral conditions, the authors reached the conclusion that As(V) is probably 
transported as adsorbed onto colloidal materials (probably iron oxides), which strongly 
affects its bioavailability. This latter study exemplifies the importance of measuring 
speciation in conditions as close as possible from those encountered in environmental 
systems.   
Preliminary experiments made by Salaun et al. (unpublished results) suggest that a 
similar "cation mediated reduction" process can be used for the determination of Sb(V) 
in non-acidic conditions; such a method could provide a new analytical methodology to 







6.2 Aims and objectives 
This chapter presents preliminary experiments performed with the effect of monovalent 
(Na+, K+), divalent (Ca2+, Mg2+, Sr2+ and Ba2+) and trivalent (La(III), Y(III)) cations on 
antimonate reduction in acidic (pH = 1), mildly acidic (pH 2) and neutral conditions of pH. 
The aim was to assess the influence of the presence of these cations on the 
electrochemical reduction of Sb(V) at a gold electrode. The specific objectives were to: 
• Compile the results obtained with preliminary experiments, 
• Assess the influence of the presence of copper at trace levels (sub uM), 
•  To assess the analytical capability of this cation mediated reduction process, 
• To propose a schematic representation of this cation mediated process, and 







6.3 Materials and Methods 
6.3.1  Reagents and Materials 
All chemicals were of analytical quality unless otherwise stated. Water used to prepare 
reagents and preliminary working solutions was 18 MΩ cm−1 purified using a Millipore-
Elix system. Standard Sb(V) (10 uM and 100 uM) and Cu2+ (10 uM) solutions were 
prepared by dilution of a 1,000-ppm atomic absorption standard solution from Aldrich. 
Standard solutions were kept at room temperature and used for several months.  
6.3.2  Instrumentation 
Voltammetric experiments were made using a μAutolabIII potentiostat (EcoChemie, now 
Metrohm AG, Switzerland) computer-controlled using GPES software (version 4.9). A 
three-electrode cell containing the gold microwire working electrode (WE), an iridium 
counter electrode (CE) (150 μm diameter, ∼3 mm length), and a double-junction, 
Ag/AgCl/KCl (3 M)//NaNO3 (0.1 M), a reference electrode was placed in a voltammetric 
cell (Teflon), which was placed in a Faraday cage (Windsor Scientific, UK). The salt bridge 
was filled with 0.1 M NaNO3. Gold microwires (Purity: 99.99%, temper: hard) of 10 and 
25 μm diameter (Goodfellow, UK) used for the electrodes. A vibrator rotor was attached 
to the microwire WE. The vibrator, which was used in place of a standard magnetic 
stirrer, was powered by an IME663 (EcoChemie) controlled by GPES software. The 
vibrated gold microwire electrodes were prepared as described in Chapter 5 (5.3.2, pp 
287) and stored in air or Milli-Q water. The surface of the electrode was cleaned 




twice daily. The reduction peak of the oxide monolayer obtained in 0.5 M H2SO4 was that 
was used to monitor the surface area and check on the good behavior of the electrode 
(Salaün and van den Berg, 2006). 
6.3.2.1 Determination of Sb(V) using DPASV (Differential Pulse Anodic 
Stripping Voltammetry) 
Sb(V) was measured by DPASV using the background methodology procedure, as 
described in Chapter 5. Typical DP conditions were 100ms interval time, 4-20 ms pulse 
time, 25-50 mV amplitude, and 4-6 mV step. The peak potential and the peak intensity 
(as given by the peak derivative in A.V-1) was measured automatically by the GPES 
software using the peak derivative.  All measurements, unless specified, were done in 
deaerated solutions with hydrated N2 gas. Pseudopolarographic measurements were 
typically achieved by varying the deposition potentials from -2.4 to -0.1 V with 0.05V 
increments. Typical voltammetric conditions are given in Table 6.1.  
 
 Mode DPASV 
Conditioning potential -2.4 V 
Conditioning time 15 s 
Deposition potential -2 V 
Deposition time sample  1 s 
Deposition time blank  1 s 
Scan -0.2 V – 0.4 V 
Step 0.00405 V 
Amplitude 50 mV 
Frequency 50Hz 
 
Table 6. 1.Voltammetric conditions used for measurements at pH 2.0 (10 mM HCl) and pH 5.0 (10 mM 




6.3.2.2 Electrode Fabrication 
Ten and 25 uM Au microwire electrodes were fabricated according to the procedure 
described by (Salaün and van den Berg, 2006). A 10-cm length of 100-um copper wire 
was passed through a 100-uL pipet tip (polyethylene, Corning Inc.). Its end was dipped in 
a conductive silver solution (Leitsilber L100, Maplin, UK), which had been freshly agitated 
and acted as a conductive adhesive. The copper wire was then attached to a 10- mm 
length of gold microwire (10 or 25 um) by gently touching it. The copper wire was then 
carefully pulled through the pipet tip until the microwire passed halfway through. The 
microwire was sealed in the tip by holding it in the top of the oven, which had been set 
to 400 °C, during approximately 8 s to melt it uniformly. 
6.3.2.3 Gold microwire electrode surface area measurement 
The surface of the Au microwire was measured along the procedure described in (Salaün 
and van den Berg, 2006). Briefly, after the cleaning stage (-2.5 V for 30-60s), a CV 
between 0 and 1.5 V was repeated 3-4 times until the scan was stable (normally after 
the second scan). The potential at which a current minimum is observed after the 
formation of the gold oxide is a proxy for the completion of a gold oxide monolayer at 
the surface of the gold (Mareček et al., 1986). By measuring the charge of the reduction 
peak of this oxide monolayer and normalising to length using the coefficient of 450 
C.cm-2, the surface area could be obtained. Using an average roughness of 1.2, the 
length of the electrode was estimated (Salaün and van den Berg, 2006). This was done 




6.3.2.4 Analytical capability of the cation mediated reduction process for 
determination of Sb(V) in mineral water.  
Mineral water samples were collected from a Tesco store. For pH 1, 19.6 mL of the 
sample aliquot were mixed with 400 uL of 5M HCl (0.1M HCl) and 3 mM CaCl2 and for pH 
2, 19.6 mL of the samples were mixed with 40 uL of 5M HCl (10 mM HCl) and 3 mM CaCl2. 
For pH 5, measurements were done in 10 mM NaAc with pH being adjusted with addition 
of c.a. 8 mM HCl. The samples were placed in a voltammetric cell, with 15 minutes 
deaeration with nitrogen gas before ASV analysis using the standard addition method 











6.4.1 Influence of cations on the reduction of Sb(V) in 10 mM HCl 
6.4.1.1 Effect of Na, K, Mg and Ca ions 
The effect of the addition of sodium nitrate on the voltammetric detection of 10 nM 
Sb(V) is shown in 10 mM HCl (Figure 6.1) with a low deposition potential of Edep = -2.4 V. 
In HCl only, no Sb(V) peak is apparent (red voltammograms). However, upon the addition 
of mM levels of NaNO3, a well-defined Sb peak appears at a potential of c.a. + 59 mV, 
and the peak intensity increases with additions of NaNO3 in the studied range of 1-9 mM. 
This range were chosen from the results of unpublished preliminary studies (not shown).  
Similar effects were also observed for sodium (Na+), potassium (K+), calcium (Ca2+), or 
magnesium (Mg2+), each cation having its own characteristic pseudopolarograms (PP).  
Figure 6.2 shows the influence of the deposition potential on the Sb peak intensity of 10 
nM Sb(V) in 10 mM HCl in the absence and in the presence of these cations. In 10 mM 
HCl only, no Sb signal can be detected, apart from a deposition potential comprised from 
  
Figure 6. 1.Effect of addition of NaNO3 on the DPASV peak intensity of 10 nM Sb(V) in 10 mM HCl (a). 
Voltammetric parameters: Deposition at -2.4 V for 30s, -1 V for 2s, stripping from -0.4 to 0.4 V (b).  





-2.6 to -2.9 V where a small Sb(V) peak is apparent. In the presence of 3 mM of Na+, K+, 
Ca2+, or Mg2+, the Sb(V) peak increases significantly at deposition potentials that are 
dependent on the nature of the cation.  For K+ and Na+, the Sb peak appears at potentials 
lower than -2.05 V, while for Ca2+ and Mg2+, it appears for Edep ≤ -1.5 V and Edep ≤ -1.2 
V, respectively. The same pseudopolarograms are obtained irrespective of the salt being 
used (e.g., CaCl2 or Ca(NO3)2 salts), clearly evidencing that this enhancement of the 
antimonate peak is due to the presence of the cation, not that of the anion.   
 
Out of Mg, Ca, Na, and K, calcium enhanced the reduction rate of antimonate the most. 
Reproducibility of this Ca2+ catalysis on Sb(V) reduction was evaluated using 3 identical 
(Figure 6.3A) or 3 different 10 m  electrodes (Figure 6.3B), 3 identical (Figure 6.3C) or 
3 different (Figure 6.3D) 25 m  electrodes. Relatively good reproducibility was 
obtained (+/- 10%) on both the position of the reduction wave and the intensity of the 
Figure 6. 2. Influence of the addition of 3 mM MgCl2 (*anhydrous and ** heptahydrate), 3mM CaCl2, 
3 mM Ca(NO3)2, 3 mM NaNO3, 3 mM NaCl or 3mM KCl on the DPASV peak intensity of 10 nM Sb(V) 
in 10 mM HCl. Electrode: 10 um diameter gold wire electrode. Voltammetric parameters: Edep for 
15s, 1s at -1 V, 1s equilibrium, stripping from -0.2 V to 0.4 V – 100 ms interval time, 4ms pulse time, 4 
mV step, 50 mV amplitude. Note: preliminary experiment performed with P. Salaun and confirmed 




wave, suggesting a very reproducible mechanism. However, although the reproducibility 
within an experimental set up was acceptable, there were differences between 
experiments. Figures 6.2, 6.3A, and 6.3B all have similar conditions: the same electrode, 
similar preparation methodology, and similar measuring conditions, but produce 
significantly different results (i.e., different shapes of the pseudopolarograms with 




Differences in potentials could be related to different reference electrodes with slightly 
different junction potentials. Comparing the responses obtained at the 10 and 25 um 
diameter electrodes (Figure 6.3B and 6.3D respectively), the reduction of antimonate 
Figure 6. 3. Reproducibility of the Influence of 3 mM calcium on the normalised DPASV peak intensity 
of 10 nM antimonate in 10 mM HCl in presence of 40 nM Cu. A/B: 10 um electrodes; C/D: 25 um 
electrodes; A/C: 3 identical electrodes; B/D: 3 different electrodes. Voltammetric parameters: Econ: 
+0.75V (5s) Edep for 15s, -2.4V (1s), 1s equilibrium, stripping scan from -0.1 V to +0.4V.  Step:  4 mV, 
amplitude: 25 mV; standby pot.: +0.75V; Electrodes: gold working electrodes, Iridium counter 





seems to be facilitated at the smaller size electrode because of a plateau value at c.a. -
2.1 V, while the signal is still increasing at -2.4 V for 25 um,  electrodes.Repeated 
measurement gave an excellent reproducibility of the Sb signal. For instance, an RSD of 
less than 2% was obtained for almost 90 successive measurements (Conditions: 10 mM 
HCl, Edep = -2.5 V (30s), 10 nM Sb(V) + 3 mM CaCl2).  Alternate analysis at different 
potentials also proved to be reproducible over several cycles (e.g., Figure 6.4). 
 
 
6.4.1.2  Effect of concentrations of cations on pseudopolarograms 
In contrast to typical pseudopolarograms where the potential at half-wave is insensitive 
to the concentration of the metal being reduced, the effect of the cation concentration 
on the potential at which Sb(V) reduction is occurring is essential. This is shown in Figure 
6.5 for magnesium and Figure 6.6 for calcium, sodium, and potassium.  For instance, at 
lower Mg concentration (e.g., 1 M), and Sb signal is only observed at relatively low Edep 
Figure 6. 4. Stability of Sb(V) DPASV peak intensity obtained at a 25-um Au microwire electrode. 
Solution: 30 nM Sb(V) in 10 mM HCl (pH2) + 40 nM Cu + 3 mM CaCl2.  Voltammetric parameters: Econ: 
+0.75V (5s) Edep (-2.4 V or -1.5 V) for 15s, -2.4V (1s), 1s equilibrium, stripping scan from -0.1 V to 
+0.4V.  Step:  4 mV, amplitude: 25 mV; standby pot.: +0.75V; Electrodes: gold working electrodes,  









(-2.3 V for [Mg]= 1 M). When increasing Mg, the Sb peak appears at higher Edep (-1.7 
V for [Mg]= 10 mM). At any concentration, the pseudopolarogram goes through a 
maximum, and this bell shape behavior was also observed for calcium, sodium, and 
potassium (Figure 6.6). In every case, increasing the concentration of the cations and 
reducing the deposition potential to extreme values (i.e., -3.0 V) not only resulted in a 
complete loss of the signal, but it also affected the mechanical stability of the gold wire 
electrode. Repeated measurements in such conditions (i.e., high concentrations of 
cations and low deposition potentials) inevitably led to a complete dissolution of the gold 
wire electrode.  
 
 
Figure 6. 5. Effect of concentration of magnesium on the PP of 10 nM Sb(V). Background electrolyte: 







Figure 6. 6. Effect of concentration of potassium, 
calcium, and sodium on the pseudopolarogram 
of 10 nM Sb(V). Background electrolyte: 10 mM 
HCl. Relative intensities can be compared since 
the same gold wire electrode was used for all 
these experiments (including Figure 6.3).  Note: 
Experiments performed by P. Salaun and 
confirmed by D. Tuyogon. 
For K, Na, and especially Ca, a "double wave" is sometimes observed. For instance, for 
Ca = 10 mM (Fig. 6.6), a first increase is observed for -1.1 V ≥ Edep ≥ -1.3 V followed by a 
plateau (-1.3 V ≥ Edep ≥ -1.65 V) before a second increase at -1.65 V ≥ Edep ≥ -1.85 V. 
This double wave is also observed in Figure 6.2 for [Ca]= 3mM. 
The effect of the divalent barium and strontium cations, as well as the trivalent yttrium 
and lanthanum cations, all added from the corresponding chloride salts were also 
studied (Figure 6.7) (Benkaddour, 2016). Pseudopolarograms were obtained in similar 
conditions (10 nM Sb(V) in 10 mM HCl) but with deposition potentials varied between -
0.8 and -2.5 V to avoid extensive damage to the gold electrode.  
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6.4.1.3 Comparison of pseudopolarograms (PP) 
Different systems (gold wire electrodes, actual reference and auxiliary electrodes, 
vibrating device) were used for obtaining Figure 6.5/6.6 and Figure 6.7, which prevent 
any direct comparison of intensities. Nevertheless, the reproducibility on the potential 
of the Sb(V) reduction wave obtained for different electrodes (as exemplified in Figure 
6.3) indicates that the inherent characteristics of the pseudopolarograms can be 
compared. Figure 6.8 displays a definite order with the valency of the cations being 
involved: the higher the valency the more positive is the potential at which the reduction 
of antimonate is being enhanced. The potentials given in Figure 6.8 are the potentials at 
Figure 6. 7. Effect of concentration of barium, strontium, lanthanum, and yttrium (all taken from 
chloride salts) on the pseudopolarogram of 10 nM Sb(V). Background electrolyte: 10 mM HCl. Relative 
intensities can be compared since the same gold wire electrode was used for these experiments. Note: 




which the signal is maximal, and they are also given in Table 6.1, along with the potentials 
at which the Sb(V) reduction is beginning to be observed (last column) when going from 
positive to negative values. The enhancement effect of the added cation on the 
reduction of antimonate is observed at potentials that are much more positive than the 
standard reduction potentials, clearly indicating that the reduction of these cations is not 







Figure 6. 8. Variation of Edepmax (potential at which peak intensity of 10 nM Sb(V) is maximal) at 
various concentrations of cations.  Background electrolyte: 10 mM HCl. Potential range studied (-0.8 















Sb(V) signal at 
10 mM 
Edep for start 
signal at [M] 
= 10 mM 
Potassium 1 -3.16 30-100 mM -2.25 -1.85 
Sodium 1 -2.95 100 mM -2.25 -1.85 
Calcium 2 -3.0 100 uM -1.9 -1.25 
Strontium 2 -3.13 300 uM -1.9 -1.4 
Magnesium 2 -2.61 30 uM -1.75 -1.65 
Barium 2 -3.14 300 uM -1.9 -1.2 
Yttrium 3 -2.60 30 -300 uM -1.45 -1.1 
Lanthanum 3 -2.61 30uM – 3 mM -1.5 -1.0 
 
6.4.1.4 Influence of Cu to Sb(V) 
The effect of transition trace metals that are present at nM, low uM levels (i.e., much 
lower concentration than the major elements) was assessed by looking at the effect of 
Cu on the reduction of antimonate in 10 mM HCl + 3 mM of various cations (Ca, Li and K; 
Figure 6.9). Upon addition of Cu from 0 up to 200 nM, the Sb(V) reduction wave was 
found to shift cathodically by c.a. 100 mV for Ca, to shift anodically by c.a. 100 mV for K 
and to remain almost unchanged for Li. The intensity of the peak was also affected with 
a lower intensity at higher Cu levels for Ca and Li, while a higher one was observed for K. 
Nevertheless, the shape of the Sb(V) peak remains sharp although the potential was 
slightly affected by the presence of copper (Figure 6.10). 
 
 










6.4.2 Influence of cations on the reduction of Sb(V) in 100 mM HCl  
The effect of cations on the reduction of Sb(V) was also assessed at pH 1. Figure 6.11 
shows the influence of Ca, Mg, Li, Na, and K on the Sb(V) peak in 0.1 M HCl. In contrast 
to pH 2 where a strong enhancement in the Sb(V) peak intensity was observed for any 
cations, at pH 1, only calcium and magnesium significantly improved the peak intensity 
while no significant differences were obtained after addition of the monovalent cations 
(lithium, potassium, and sodium).   
 
Figure 6. 9. Effect of Cu on the pseudoplarogram of 30 nM Sb(V). Background electrolye: 10 mM 
HCl + top: 3 mM CaCl2; middle: 3 mM LiCl and bottom: 3 mM KCl. Electrode diameter: 10 um. 
 
Figure 6.10: Sb(V) peak at various concentrations of Cu. Background electrolyte: 10 mM HCl + 3 






6.4.3 Influence of cations on the reduction of Sb(V) at neutral and alkaline 
pH 
The same effect of enhancement was observed at pH 4.75 in 10 mM acetate buffer 
(Figure 6.12). Here, sodium acetate was used, and the background electrolyte already 
contained 10 mM Na which is the reason why Sb(V) is giving a peak at Edep < -1.5 V. For 
comparison, at pH 2 and for 10 mM Na+, a peak was observed for Edep < -1.8 V (Figure 
6.6). Interestingly, the wave reaches a stable plateau, at least down to Edep = -2.5 V. This 
is different than at pH 2 were a bell shape PP was obtained (Figure 6.6).  Upon additions 
of CaCl2, a double wave appears with Sb(V) being detected now from Edep < -1.2 V. 
Figure 6.11: Influence of 3 mM NaCl, KCl, LiCl, CaCl2 and MgCl2 on the DPASV peak of 40 nM Sb(V) in 






It was also observed (not shown here) that this cation enhancement of the Sb(V) signal 
was also observed in a borate buffer at pH 9 in the presence of Na and Ca, suggesting 
that this cation mediated reduction is a process that occurs at all pH. However, the peaks 
were sluggish, and the sensitivity relatively low so no further effort was made to optimize 
the detection at that pH. 
6.4.4 Analytical capability of the cation mediated reduction process for 
determination of Sb(V) in mineral water.  
To assess the analytical usefulness of the cation mediated method, determination of 
Sb(V) in purchased mineral water was attempted. Four different brands of bottled 
mineral water used in the UK were examined for their Sb(V) analysis. The pH of the 
bottled water ranged from 6.2 (Tesco®) to 7.41 (Buxton®). There were cations less than 
Figure 6.12: Pseudopolarograms of 40 nM Sb(V) in 10 mM acetate buffer (pH 4.75 adjusted with 8 




20 ppm for most of the samples. The highest cation comes with the bicarbonates in the 
Evian sample, followed by Buxton, Volvic, and Tesco has the least bicarbonate content.  
Determination was attempted at pH 1, pH 2 and pH 5 by the method of standard 
additions with a minimum of 3 additions and 3 repeats for the blank and for each 
addition. At pH 1, 0.1 M HCl acid was added to the mineral water and determination was 
done using a deposition potential of -1.8 V; this Sb determination method was validated 
by comparison to ICP-MS in a previous study (Salaün et al., 2011) and was used here as 
the reference method.  At pH 2, determination was done after addition 10 mM HCl and 
3 mM CaCl2 using a deposition potential of -2.2 V, irrespective of the original Ca content 
in these waters (Table 6.3). At pH 5, the determination was done after the addition of 10 
mM sodium acetate with the pH adjusted at 4.75 with HCl. Each standard addition was 
repeated 3 times and the average and standard deviations are given in Table 6.4 below. 
Surprisingly, no reliable results could be obtained at pH 5 with a signal that was unstable 
and irreproducible, thus making the standard addition procedure unreliable.  Although 
"good" standard addition curves were obtained at pH 1 and 2, significant different 
concentrations of Sb(V) were calculated, with those at pH 1 being much higher than 
those obtained at pH 2. It is currently unknown why such differences occur, but they 
might be related to the presence of other cations in the mineral water. Comparison with 











Cations, mg L-1 
Bottled mineral water samples 
Evian Buxton Tesco Volvic 
Ca 80 (2) 55 (1.38) 10 (0.25) 12 (0.30) 
Mg 26 (0.65) 19 (0.48) 2.5 (0.06) 8 (0.20) 
Na 6.5 (0.16) 24 (0.60) 9 (0.23) 12 (0.30) 
K 1 (0.03) 1 (0.03) 2 (0.05) 6 (0.15) 
Bicarbonates 360 (9) 248 (6.2) 25 (0.63) 74 (1.85) 
Sulfates 14 (0.35) 13 (0.33) 10(0.25) - 
Chlorides 10 (0.25) 37 (0.93) 12 (0.30) 15 (0.38) 
Nitrates 3.8 (0.10) <0.1 11 (0.28) 7.3 (0.18) 
Dry Residue @ 180 C 345 280 80 130 
pH at source 7.2 7.4 6.2 7 




Water Samples SbV content (nM) 
pH1 pH2 
Evian 3.6 ± 0.106 0.78 ± 0.091 
Buxton 3.16 ± 0.031 0.96 ± 0.074 
Tesco 3.40 ± 0.372 1.42 ± 0.187 
Volvic 3.38  ± 0.435 1.64  ± 0.290 
 
  
Table 6. 3. Cation contents of different bottled mineral waters (plastic container composition: PET 
(polyethylene terephthalate). Concentrations are given in mg.L-1 and mM between brackets. 
Table 6. 4. Determination of SbV in bottled mineral water samples DPASV method (pH1:-2.2V (, pH2: -




6.5 Discussion and Conclusion 
Alkali and alkali-earth metal cations are often used as electrolytes in electrochemical 
experiments because considered as inactive. However, when using low deposition 
potentials (ultracathodic deposition), this inactivity does not stand anymore, and this is 
observed here by looking at the effect of these cations on the anodic stripping signal of 
antimonate.  The process by which cations influence the reduction of anionic species is 
known as "cationic catalysis" (Katsounaros and Kyriacou, 2007) and it has been studied 
mostly for nitrate reduction (see below for references) to assess the possibility to remove 
this pollutant from aqueous media through electrochemical reduction to nitrogen gas.  
Cationic catalysis has also been studied for the reduction of other anions such as 
persulfate (Nazmutdinov et al., 2002) but also for the reduction of oxygen on gold-
catalysed by the presence of Rb+ (Kajii et al., 2010). Cationic catalysis is a standard 
process: it occurs on many different materials and through many different cations. 
Cationic catalysis of nitrate has been achieved on carbon (Scharifker et al., 2000), gold 
(Huiliang et al., 1988), palladium (Safonova and Petrii, 1998), bismuth (Dortsiou and 
Kyriacou, 2009), tin (Katsounaros and Kyriacou, 2007) or silver (Liu and Huang, 2014). 
Like for other anions, the reduction rate of nitrate was found dependent on the 
concentration and the nature of the cation. For instance, the reduction rate of nitrate on 
a tin cathode increases with an increase of the radius of the monovalent cation Li+ < Na+ 
< K+ < Cs+ and with an increase in valencies of the cation (monovalent < divalent, trivalent) 




The process involved in favoring and increasing the reduction rate is complex and 
different for various anions, depending on the number of electrons being transferred, on 
the rate-limiting step, and the requirement of hydrogenation or not. There are several 
hypotheses to explain the observed rate increase: the presence of the cations may 
induce a change in the electrical double layer decreasing the potential at the plane where 
the anion reduction occurs (known as the Frumkin theory (Frumkin et al., 1975) ); 
formation of ion pairs and ion bridges between the adsorbed cation and the anion 
(Dogonadz.Rr et al., 1972) which decreases the repulsion between the anion and the 
similarly charged electrode; cation-assisted surface reconstruction of the electrode (Kajii 
et al. 2010)  and formation of adatoms, positively charged (i.e., partially reduced) 
deposited by underpotential mechanism (UPD) that favour electrostatic attraction of the 
anion (Ohmori et al., 1999; Çirmi et al., 2015). 
The reduction of antimonate is shown here to be enhanced by the presence of 
monovalent, divalent, and trivalent cations; all cations tested from sub uM levels, were 
found to have a positive effect on its reduction rate. The valency of the cation plays an 
important role; for the same concentration (10 mM), trivalent cations are enhancing the 
Sb(V) signal at the least cathodic potential (i.e., they facilitate the most the reduction), 
followed by divalent cations and monovalent cations (Table 6.2). This facilitation is 
consistent with previous findings for nitrate reduction (Katsounaros and Kyriacou, 2007), 
where a higher reduction rate was obtained with trivalent cations. In our case, the nature 
of the associate anion (chloride and nitrate) does not play a significant role in the Sb(V) 
reduction rate (Figure 6.4).  This is different from the cationic catalysis of nitrate, where 




to their specific adsorption on the electrode surface(Pletcher and Poorabedi, 1979; 
Horanyi and Rizmayer, 1982; Katsounaros and Kyriacou, 2007).  
Antimonate has an acidity constant of 2.8 and is thus present as the neutral species 
Sb(OH)50 at pH ≤ 1, as the anion Sb(OH)6- at pH ≥ 4.5 and as a mix of the two at the 
intermediate pH of 2 (69% and 31% as Sb(OH)5 and Sb(OH)6- respectively). Strong 
enhancement of the reduction rate was observed at pH 1 in the presence of calcium and 
magnesium; at this pH, antimonate is present as a neutral species showing for the first 
time that this cation catalysis process is not specific to anions as previously suggested 
(Katsounaros and Kyriacou, 2007). 
All pseudopolarograms obtained at pH 2 are presenting a bell shape with a loss of the 
signal at low deposition potentials. When increasing the concentration of the cation, a 
strong anodic shift of the bell occurs, shift that is dependent on the nature of the cation 
and linear when plotted against the logarithm of the concentration (see Figure 6.8) with 
a slope ranging from 180 mV for La(III) to 269 mV for Na+. Finally, both for La(III) and Y(III), 
an increase of the concentration from 3 to 10 mM did not result in the appearance of 
the signal at potentials higher than  -1 V. These observations suggest: 
- The nature and concentration of the cation appear to be the main reason for the 
bell shape since similar shapes, albeit with an anodic shift, are obtained when cation 
concentrations are increased. At such low deposition potentials, hydrogen 
generation is occurring, but its influence seems to be minimal and/or reproducible 
and cannot explain the loss of the signal at potentials lower than Edep max. Instead, 




electrode: an optimum coverage seems to exist, sufficient to promote Sb(V) 
reduction but not too high to prevent blockage of the surface.  
- Deposition potentials of less than -1 V are required. Coincidentally, this is the same 
potential as for the reduction of Sb(V) in acidic conditions, with no other cations 
than protons (Salaün et al., 2011). This potential corresponds to the formation of 
nascent hydrogen at the surface of the gold electrode along the so-called Volmer 
reaction:  
Au + H3O+ + e- → Au-H0 + H2O                                     Equation 6.1  
It is thus likely that the presence of nascent hydrogen is still required in this cation 
catalysis process.  
- The linear relation between the logarithm of the cation concentration and the shift 
in potentials of the bell (as taken from Edepmax, see Figure 6.8) suggests a Nernstian 
relationship. This behavior is consistent with an underpotential deposition (UPD) 
mechanism. UPD is a process by which full or partial reduction of up to a monolayer 
of the metal occurs at a potential that is more anodic than the standard reduction 
potential (see e.g. (Mayet et al., 2019)).  This anodic shift is due to the attraction 
between the metal and the substrate, here gold, and the added metal on the 
substrate is called an adatom. For instance, the UPD process of sodium on gold can 
be represented as: 
𝐴𝑢 +  𝑁𝑎+ +  𝑧𝑒− − −> 𝐴𝑢 − 𝑁𝑎𝑢𝑝𝑑
(1−𝑧)+               Equation 6.2 
where z is the number of electrons exchanged, Au represents the gold electrode and 
𝐴𝑢 − 𝑁𝑎𝑢𝑝𝑑




gold surface. If the reduction of Sb(V) is only dependent on the sub-monolayer of 
UPD cations, we can expect a variation of potentials as a function of the cation 
concentrations that conforms the Nernst equation: 
 
where Eeq is the equilibrium potential (V), E0upd is the reversible potential of the upd 
reaction of individual cation on the substrate, R is the universal gas constant, F is the 
Faraday constant,T is the temperature, {M+} is the activity of the metal in solution 
and {M} is the activity of the reduced or fully reduced) metal adatom on the 
substrate.  
Assuming that the optimum surface coverage of adatoms is constant at different 
cation concentrations (i.e. {M} in Equation 6.3 is constant), the variation of Edepmax 
with cation concentrations should follow the following relation:  
Where A is a constant that includes E0upd and 2.3 RT/zF log{M}. In that case, the slope 
of the linear relationships obtained in Figure 6.8 allows us to estimate the number 
of electrons being transferred and the remaining charge on each adatom. Those are 







Eeq = E0upd  + 2.3 RT/zF log({M+}/{M})                           Equation 6. 3. 









Sodium 269 0.22 + 0.78 
Potassium 251 0.24 + 0.76 
Magnesium 194 0.30 + 1.70 
Calcium 145 0.41 + 1.59 
Strontium 433 0.14 + 1.86 
Barium Not linear - - 
Lanthanum 196 0.30 + 2.70 
Yttrium 180 0.33 + 2.67 
 
From those values, it is apparent that the remaining charge on adatoms formed from the 
partial reduction of trivalent ions are significantly higher than those from monovalent 
ions.  
We suggest that the overall process of Sb(V) reduction proceed as follows:  during the 
deposition, cations are partially reduced to positively charged adatoms on the negatively 
charged gold surface, the surface coverage being dependent both on the cation 
concentration and the deposition potential. These adatoms become preferential sites of 
attraction for anions such as Sb(OH)6- in a similar process as previously invoked for the 
electrochemical reduction of nitrate at gold electrodes in the presence of sodium or 
cesium ions (Ohmori et al., 1999). Concomitantly with adatoms formation, hydrogen 
reduction occurs at these low cathodic deposition potentials, with adsorption of nascent 
hydrogen at the gold surface. This hydrogen is a strong reducing agent able to chemically 
reduce Sb(V) to Sb(III) at the adatom site. Once Sb(III) is formed, it is reduced 
electrochemically at the gold surface and deposited as Sb0 before its detection by 
oxidation during the stripping step.  
Table 6. 5. Estimation of the number of electrons exchanged for each upd process and remaining charge 




To the best of our knowledge, this is the first time that cation catalysis is reported to 
enhance the reduction rate of antimonate. The effect is strong, allowing a reduction in 
conditions of pH where no reduction would be expected. A similar observation had been 
made for the reduction of arsenate with manganese (Gibbon-Walsh et al., 2012) or iron 
(Noskova et al., 2012). Here, antimonate reduction seems to be enhanced with any 
cations, and positive effects are observed at all pH. Although most of the experiments 
presented in this chapter have been made at pH 2, preliminary experiments (see Figure 
6.12) strongly suggest that the process may also apply at neutral pH, potentially raising 
the possibility of using this method to gain insights into the biogeochemical cycling of 
Sb(V) in naturally relevant conditions (e.g., looking at its complexation with humic 
substances, adsorption onto colloids). Another important aspect of this work is that 
detection of antimonate might provide a unique route to look at the underpotential 
deposition of so-called "electroinactive" cations in a region where the hydrogen 
evolution occurs, which is usually avoided. There are reports in the literature that 
mention the Under Potential Deposition (UPD) process of metals other than transition 
metals, and this could possibly open new electrochemical and analytical possibilities. It 
is not yet understood why the quantification of Sb(V) in mineral waters at pH 1 and pH 2 
did not agree but it is likely that the composition of mineral waters, both in major and 
trace components, might have an influence. For instance, it was shown here that the 
presence of even trace levels of Cu affects the response.    It is evident that cationic 
catalysis of antimonate is occurring, but the process is highly complex, with many steps 
involved and more work needs to be done to move from this process study to develop a 
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7.1 Conclusions and outlooks 
This thesis investigated the bio-uptake of metalloids (inorganic antimony and arsenic) by 
plants and the development of electroanalytical methods for antimony detection and 
speciation.  
Bio-uptake of metalloids were using a hydroponic experiment of cucumber plant chosen 
as a model plant to assess the impact of As or Sb species, plant age, exposure duration, 
and metalloid concentration to overall plant morphology (Chapter 2). A new method of 
microdialysis was developed (Chapter 3). Being less destructive and less invasive (e.g. 
than decapitation), it can be a useful tool for in-vivo xylem sap sampling allowing 
researchers to simulate nutrient/toxic metal uptake, translocation, and absorption while 
taking into consideration the effect of transpiration. The following observations were 
made: 
• Inorganic As/Sb significantly reduces the health in terms of the morphology of the 
cucumber plant, which leads to drying and eventually dying of the plants. 
• Plant physiological parameters were significantly affected by the presence of Sb and 
As ((III) or (V)) in the nutrient solution, either a small amount (100 ppb) or more 
considerable amount (5 ppm), 
• Younger plants were significantly affected by the presence of the inorganic 
metalloids, compared to older plants, 
• The Sb and As concentration in roots were the highest followed by stem and leaves, 
• There are interesting correlations found in micro and macronutrients in the plants 




Voltammetric methods were developed for (1) complexation studies of Sb(III) with xylem 
sap samples and determination of stability constants of Sb(III) with low molecular weight 
ligands (Chapter 5), and (2) cation mediated reduction of Sb(V) using monovalent, 
divalent and trivalent cations (Chapter 6)We have demonstrated the feasibility to 
quantitatively study the complexation of the presence of Sb(III) complex with low 
molecular weight ligands, specifically EDTA, DTPA, TA, and GSH using a voltammetric 
method (pseudopolarography on Au electrode) at ppb levels.  
Importantly, results obtained in the complexation studies with the sap on Sb(III) seem to 
show that Sb(III) is indeed complexed and the voltammetric signal of this complexation 
suggests that glutathione could be one of the ligands involved in complexing Sb(III) in 
that media. Other sulfur compounds could likely behave similarly.    
There is still a substantial gap in metalloid toxicity scientific literature  (i.e., As and Sb), 
adsorption, translocation, and bioavailability. A better understanding of the uptake, 
translocation, effect of exposure duration, and effect on the plant growth are very crucial 
for the assessment of metalloids on crops for human consumption as part of food safety. 
Since many Sb contaminated sites are being used for agriculture, it is crucial to assess 
the risks of Sb transfer from such soils into food and feed crop plants, and therefore 
understand how Sb accumulation, allocation, and speciation in crop plants relates to Sb 
speciation in the soil (Ji et al., 2018). Figure 7 shows a general eye view of what the critical 





In comparison to arsenic that has been extensively studied, not a lot is known in regard 
to Sb speciation and complexation. The lack of analytical methodologies, difficulties in 
quantitative extraction from biological samples, instability and preservation of Sb species 
sampling and processing, low recoveries due to adsorption problems to the column (i.e., 
chromatography), and trace level Sb species are too low for spectrometric identification, 
are few of the challenges and problems why there is limited progress in Sb analysis in 
biological media. The strong limitation on chromatography on Sb(III) is that the 
compound is strongly adsorbed to the stainless steel column and is irreversibly retained 
on the HPLC column. The incorporation of a potent chelating agent in the mobile phase 
will be able to solve this problem however, by doing this, original information on the 
ligand is lost. In this study presented here, speciation of Sb(III) in the sap was attempted 
by HPLC-ES-MS in Aberdeen (in the group of Prof. Feldmann) but unfortunately, due to 
technical problems, the obtained results were unreliable, and not enough sap remained 





for us to proceed again with this speciation study. This was a real shame as such 
intercomparison would have given us insights into the advantages and disadvantages of 
both voltammetry and chromatography. It is still unknown, and not appreciated, that 
relatively weak complexes might be destroyed during the chromatographic process, 
while they might be detected by voltammetry. More studies combining chromatography 
and voltammetry should likely be promoted to gain insights into the “detection window” 
of each technique, i.e. what can and cannot be detected?  
Chapter 6 presents a new cation mediated reduction of antimonate; this cationic 
catalysis had never been reported before although similar observations were made for 
arsenate. It provides a new concept that needs to be further developed, fully assess its 
application range in terms of e.g. pH, concentrations, and assess if it can be applied to 
other trace analytes such as germanium or selenium for instance. It is possible that 
attractive analytical methods, easily implementable for some matrix, can be developed 
and possibly used for routine monitoring studies as part of food safety. 
 
The last part (Chapter 4) is an assessment study. The lack of scientific reports about 
possible heavy metal contamination in rice grown in old mining site areas of the 
Philippines, as well as in the Asian rice that is available in the market, creates the need 
to assess the concentration of heavy metals. A possible threat to consumer’s health or 
public safety is indicative of the presence of heavy metals in soil and rice. Strategies for 
the reduction or soil remediation can be accurately formulated if toxic or high metal 
concentrations are found. This study is important as a reference for future studies that 




country. In terms of consumer protection through food security measures, there is a 
need to efficiently assess rice as well as paddy soils in the Philippines as the staple food 
of the country. In countries where rice is the source of carbohydrates such as Asian 
countries, this may result in significant health concerns. Laws in the rehabilitation of old 
mining sites turned into agricultural areas such as rice fields that should be stringent. A 








8.1 Visual minteq procedure 
8.1.1 Modifications 
a. The modification of the database of the components. C: \ Vminteq30 \ 
comp_2008.vdb or a copy (eg LEG \ Xylenol \ comp_2008_Xylenol.vdb and then point it 
to the VMINTEQ through the Database management menu, Database selection). We 
open the components database (comp_2008.vdb or a copy if we want to work safer) 
with the notepad (WordPad or Notepad). 
b. To the new component (eg XO) we must give you an identifying number that does 
not exist yet. Once this number is chosen, we add a new line in the components database 
by filling out the data as follows: No. identifier, "Symbol", load (of the totally 
deprotonated ligand), 0.0, Mass Molar, Save changes: File-Save as Then, in order to 
introduce the new constants to the base of constants C: \ Vminteq30 \ thermo.vdb or a 
copy (eg LEG \ Xylenol \ thermo_Xylenol.vdb and then point it to the VMINTEQ through 
the Database management menu, Database selection), return to VMINTEQ. We have to 
make sure that we are working with the component database where we have introduced 
the new component. Therefore, executing VMINTEQ checked in: Database management 
Database selection-Component database (what we generated with the notebook). Save 
to this problem and Quit 
c. In the VMINTEQ Main Menu, the new linked link is selected and added to the list 
(add to list), then the same is done with the metal that you want to work with.  
Then, in the Database management menu, choose the Aqueous species option. Once 
here, we have to add the new species that we want to introduce (Add new species). In 
Species name, the name of the species you want to add (eg if we want the first 
protonation of the XO we put, HXO5-), the first stoichiometric factor (eg 1) and the first 
component (p. ex. H). Thus each of the components of the new species that is wanted to 
be added must be placed. To do this, you must choose from the eyelash where 
Component does not. I. Once selected, click Next. 
d.  Then, a little further up, the components that are selected are leaving and where 
Stoichiometry of 1st component is released, it must be checked that the stoichiometry 
of all the components has been well established. Indicate the resulting load of the new 
species (eg for HXO5- would -5). Finally, click on Suggest ID number and mol. Wt You 
must enter the log of the constant log K (at ionic strength zero, or constant 




new added species. If you do not know, H can be zero. You can indicate date of 
incorporation of the new constants, bibliography or whatever you want (in References) 
When everything seems correct, it is recorded with Save changes to database. 
8.1.2 Visual Minteq Procedure 
Downloaded Visual Minteq from the university or the link 
https://vminteq.lwr.kth.se/download/ 
 
2. Visual Minteq –database selection-component database 
 
  
Component database: C:\Users\dtuyogon\Documents\Vminteq31\comp_2008.vdb 







Addition of components 









Addition of thermodynamic data 
Main thermodynamic database: 
C:\Users\dtuyogon\Documents\Vminteq31\thermo.vdb 
Decided to add the species 3309596 (after the EDTA series) 
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